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Les canaux ioniques spécifiques aux anions (chlore ou intermédiaires métaboliques) 
connaissent un intérêt important depuis les découvertes successives de leur implication dans 
des maladies telles que la mucoviscidose, la maladie de Best, la maladie de Kok, les 
myotomies congénitales, les lithiases rénales et autres scléroses. De fait, les stratégies de 
recherche pour la conception de nouvelles molécules capables de transporter les anions à 
travers les membranes cellulaires se sont fortement développées. De plus en plus de groupes 
de recherche travaillent sur ce thème (Figure R1). Différentes approches sont utilisées. La 
modification de séquences peptidiques issues de canaux naturels est une méthode pour 
optimiser de nouvelles molécules plus actives.46,47 Le développement de molécules totalement 
synthétiques connaît aussi certains succès avec des calixarènes 3a-b48 ou des dérivés 4 de la 
cyclodextrine,51 de même que celui de molécules s’inspirant d’autres squelettes naturels tels 
que les stéroïdes (5, 7a-c) ou la prodigiosine (6a-e).52,53,54 Enfin, de récents résultats 
prometteurs sont apparus avec des isophtalimides tels que 8a et 8b56 qui ont des propriétés de 
liaison avec le chlore très sélectives parmi les halogénures et qui sont capables de transporter 
les anions à travers les membranes de cellules vivantes.  































Figure R1 : Exemples de molécules capables de transporter des anions : A) dérivé de calixarène ; B) dérivé de la 





Le point commun de toutes ces molécules est que leurs interactions avec les anions ne 
se basent que sur des liaisons hydrogène ou des ponts salins, qui sont des caractéristiques 
continuellement rencontrées dans les canaux anioniques naturels. Cependant, nous avons 
choisi un domaine plus ambitieux : les interactions anions-pi. En effet, il a été montré, grace à 
la chimie computationnelle, que certaines molécules aromatiques, avec un moment 
quadripolaire positif ou très légèrement négatif peuvent former des interactions avec des 
anions,62,64 de la même manière que les interactions cation-pi ont lieu avec des molécules 
aromatiques dont le moment quadripolaire est négatif. Néanmoins, il existe peu d’exemples 
en solution. Le groupe du professeur Matile a présenté en 1999 un canal ionique synthétique 
33 sélectif au potassium, impliquant des interactions cation-pi.126 Un canal anionique 
synthétique 34 mettant en œuvre des interactions anion-pi serait son contrepoids. 


























































Le motif naphthalènediimide (NDI) a été choisit pour être la pièce maîtresse de cette 
nouvelle molécule. En effet, d’une part, des calculs DFT effectués par G. Bollot (groupe 
Mareda) ont montré que ce motif aromatique possède un moment quadripolaire plus positif 
que l’hexafluorobenzène, molécule de référence pour les interactions anion-pi. D’autre part, 
trois motifs NDI séparés par des phényles conduisent à une molécule rigide dont la longueur 
est suffisante pour traverser une bicouche lipidique. 
De plus, la présence de trois motifs NDI permet d’envisager un transport d’anion à 
travers la membrane basé sur le concept ‘multiion hopping’. Au cœur du canal, qui possède 
plusieurs sites de liaison, l’ion avance en passant d’un site à l’autre, ce qui permet un 
transport rapide et sélectif. 
De même que les baguettes de naphthalènediimides, des baguettes constituées d’unité 

















Figure R2 : A) Concept du canal ionique synthétique sélectif au potassium avec interactions cation-pi. B) 
Concept du canal anionique synthétique avec interactions anion-pi. 
 














































































































































Une bibliothèque de six baguettes de NDI (45-47, 49, 50, 66) et de deux baguettes de 
PDI (36, 37) a été étudiée (Figure R3). Leur capacité à transporter des anions a été déterminée 
à l’aide d’une analyse utilisant la fluorescence de l’HPTS. En effet, la fluorescence de cette 
molécule est dépendante du pH. Cette propriété est exploitée pour l’analyse de nos molécules. 
Des vésicules sont remplies avec ce fluorophore ; la création d’un gradient de pH entre 
l’intérieur et l’extérieur des vésicules, suivie par l’addition d’une molécule active sur ces 
vésicules, provoque le transport d’ions H+ ou HO− à travers la membrane des vésicules, 
résultant en une variation de pH et donc de fluorescence de l’HPTS. L’efficacité du transport 
est quantifiée par comparaison entre l’intensité de la fluorescence obtenue grace à l’addition 
de la molécule d’intérêt et celle obtenue après disparition totale du gradient de pH (pH 
















Figure R3 : Structure des huit baguettes rigides étudiées pour leur propriété de transport d’anions. 
 
Cette expérience, appliquée aux huit baguettes, a permis de montrer tout d’abord 
qu’elles sont toutes plus ou moins actives, mais aussi que leur activité dépend de leur 
concentration (Figure R4). Les différences d’activité entre chaque molécule s’expliquent par 
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leur différence de solubilité en phase aqueuse et dans les membranes. La baguette 46 possède 
une fonction terminale chargée et une plus hydrophobe. Elle est donc soluble dans les deux 
phases et relativement active. La baguette 45, avec deux fonctions terminales hydrophobes, 
n’est pas assez soluble dans l’eau et précipite avant d’atteindre la membrane, ce qui la rend 
moins active. Enfin, la baguette 47 est bien soluble dans l’eau avec ses deux charges positives 
mais a une très mauvaise affinité avec les membranes, ce qui explique une activité très faible. 
En ce qui concerne les dimères, la molécule 49 est moins active que son monomère 45, ce qui 
suggère que sa solubilité dans l’eau est encore plus mauvaise. La molécule 50, entité 
covalente du monomère 46, est le composé le moins actif, ce qui montre que la chaine 
oligoéthylèneglycol n’est pas assez soluble dans les membranes. Les baguettes 66, 36 et 37 
sont les plus actives car elles ont une meilleure solubilité et une meilleure orientation dans les 











Figure R4 : Effet de la concentration sur l’activité des baguettes : A) 46 (○), 45 (◊), 47 (□), 49 (●), 50 (■), B) 66 
(◊), 36 (□) et 37 (○). 
 
Après cette première étape, vient celle de la détermination éventuelle de sélectivité. 
Pour cela, une modification de l’analyse précédente est nécessaire : les sels contenus dans les 
solutions tampon à l’intérieur et à l’extérieur des vésicules sont différents ; le NaCl dans la 
solution externe est remplacé par d’autres sels, en modifiant soit le cation (K+, Rb+, Cs+) soit 
l’anion (F−, Br−, I−, NO3−, ClO4−, SCN−, SO42−, AcO−). Cela permet de conclure de l’influence 
des cations et des anions sur l’activité des baguettes. 
Aucune différence d’activité n’a été notée lors de la modification du cation, ce qui 
signifie que les cations n’ont pas d’influence sur le transport. Par contre, des différences 
notables ont été observées avec le changement d’anion. Leur interprétation nécessite de 
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séparer ces anions en trois groupes : les anions transportés par les baguettes, les anions 
faiblement basiques et les anions non transportés.  
1) Les anions transportés. Quelque soit l’ordre d’addition de la baguette et de la base 
(baguette puis base ou base puis baguette), l’échange responsable de l’activité de la baguette, 
mis en évidence par le changement de fluorescence de l’HPTS, est A−/HO− où A− est l’anion 
externe qui a remplacé Cl− à l’intérieur des vésicules. 
2) Les anions faiblement basiques. Dans ce cas, l’ordre d’addition joue un rôle sur les 
résultats. En effet, lors des expériences avec ces anions, le pH interne des vésicules est 
inférieur au pH fixé. Ce phénomène s’explique par le fait qu’une quantité suffisante d’acide 
conjugué (HA) de l’anion est présente en solution et pénètre dans les vésicules en en 
diminuant le pH, ce qui produit l’apparition d’un premier gradient de pH, inverse au gradient 
habituellement appliqué. L’ajout de la base avant la baguette crée donc un gradient de pH plus 
important que lors des autres expériences et l’activité mesurée (échange A−/HO−) est donc 
surestimée. Mais l’ajout de la baguette avant la base permet une annulation de ce gradient 
supplémentaire grace à un premier échange Cl−/HO− conduisant à un retour au pH désiré. 
L’ajout consécutif de la base a lieu dans des conditions similaires à celles observées avec les 
anions transportés et les résultats obtenus sont alors comparables. 
3) Les anions non transportés. Une fois encore, les observations diffèrent suivant 
l’ordre d’addition. L’addition de la base avant la baguette donne lieu à une activité résultant 
de l’échange Cl−/HO− puisque le Cl− interne n’a pas été échangé avec le A− externe. Mais 
l’addition de la baguette avant formation d’un gradient de pH donne des résultats étonnants. 
L’échange A−/Cl− n’ayant pas lieu puisque A− n’est pas transporté, la compensation du 
gradient en Cl− a lieu par l’intermédiaire de l’échange Cl−/HO− responsable d’une 
augmentation de pH inattendue. Ce phénomène sera dénommé ‘pumping’. 
L’analyse de toutes les baguettes a permis d’affiner l’appartenance de chaque anion à 
l’un des trois groupes. Les halogénures Cl−, Br− et I− sont transportés. F−, SCN− et AcO− sont 
des anions faiblement basiques du fait de leur pKa positif. NO3−, ClO4−, SCN−, SO42− sont des 
anions non transportés. Les baguettes 66, 36 et 37, qui sont les plus actives, sont celles qui 
présentent le pumping le plus évident et qui ont permis la classification de ces ions dans ce 
groupe. 
Ensuite, les séquences de sélectivité obtenues pour les halogénures vont de la série IV 
à la série VI de Diamond et Wright,41 ce qui signifie, d’une manière générale, que la liaison 
entre les canaux et les ions joue un rôle important dans la sélectivité du transport 
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contrairement à la taille des anions. Cette observation est en faveur des interactions anion-pi 
envisagées lors de la conception de ces baguettes. Les baguettes 45 et 49 sont les plus 
sélectives, suggérant que la distance entre les molécules dans la supramolécule active joue un 
rôle dans la sélectivité. En effet, la liaison covalente par l’intermédiaire d’un espaceur 
relativement court dans la molécule 49 implique une distance assez faible entre deux 
baguettes. Après, la baguette 46 est moins sélective que la baguette 45 car les charges 
positives de la première induisent une répulsion entre molécules et une distance plus 
importante que pour la baguette 45.  
Enfin, les mêmes expériences mais en présence d’un mélange binaire de sels dans la 
solution externe nous apporte des informations supplémentaires. En effet, c’est une méthode 
classique pour mettre en évidence un effet qui confirme la présence de plusieurs sites de 
liaison pour les ions : ‘l’anomalous mole fraction effect’ (AMFE, ‘effet d’anomalie de 
fraction molaire’). Si la variation d’activité en fonction de la fraction molaire de chaque sel 
(en général un rapide et un lent) n’est pas linéaire, elle présente une anomalie. Et cette 
anomalie est due à la présence de plusieurs sites de liaison. Cet effet a été observé pour la 
baguette 45 avec les couples Cl−/I− et Br−/I− et pour la baguette 66 avec le couple Br−/I−. Cela 
prouve donc que nos molécules possèdent plusieurs sites de liaison pour les anions, comme 










Figure R5 : AMFE pour le couple Cl−/I− avec la baguette 45 (A) et la baguette 66 (B). 
 




Une bibliothèque de huit baguettes a été analysée afin de determiner la capacité de 
chaque molécule à transporter les anions selectivement. Ces molécules ont montré une activité 
de transport variable en fonction de leurs groupements terminaux hydrophobes ou hydrophiles 
qui influent sur leur solubilité dans l’eau et les membranes ainsi que sur leur orientation dans 
les bicouches lipidiques. 
Cette activité de transport est indépendante aux cations, mais pas aux anions qui se 
classent en trois groupes : les anions transportés (Cl−, Br− et I−), les anions faiblement 
basiques (F−, SCN− et AcO−) qui sont transportés mais présentent un comportement particulier 
et les anions non-transportés (NO3−, ClO4−, SCN−, SO42−). Des séquences de sélectivité ont été 
établies pour chaque baguette et vont de la série IV (Cl− > Br− > I− > F−) à la série VI (Cl− > 
F− > Br− > I−) qui reflètent une forte tendance des ions à se lier aux canaux. Ces résultats sont 
en faveur d’interactions anion-pi entre les unités NDI des baguettes et les anions. Le 
‘pumping’, un effet particulier, a été mis en évidence avec les baguettes 66, 36 et 37 du fait de 
leur activité accrue. Cet effet a permis de déterminer précisément les anions non-transportés. 
Enfin, la détection de l’AMFE a corroboré la présence de plusieurs sites de liaison 
pour les anions sur les baguettes. 
 
RESUME  Pore multifonctionnel qui s’ouvre en réponse à une stimulation chimique 
 ix





Les cellules sont composées d’une membrane à bicouche lipidique qui protège leur 
contenu indispensable à leur survie et leur développement. Cependant, cette membrane est 
relativement imperméable, empéchant l’accès aux molécules nécessaires aux cellules mais 
extérieures. Alors se sont développées des protéines qui forment des passages au sein des 
membranes pour permettre à ces molécules d’être transférées d’un côté à l’autre de la 
membrane en fonction des besoins de la cellule. Ce sont des canaux ioniques si des ions sont 
transportés et des pores dans le cas de molécules organiques. Il existe une très grande variété 
de protéines qui peuvent assumer d’autres fonctions telles que catalyse de réaction chimique 
(enzymes) ou marqueur du système immunitaire (anti-corps). Toutes ces protéines intriguent 
les chimistes et les biochimistes pour leur capacité de repliement comme pour leur 
fonctionnement.  
Plus particulièrement, certains groupes de recherche ont développé de nouvelles 
molécules ayant la particularité d’être des pores ou des canaux artificiels. Des chercheurs 
comme le professeur Bayley modifient des pores naturels pour leur conférer de nouvelles 
propriétes alors que d’autres comme le professeur Matile créent des molécules totalement 




Les barils β à baguette rigide sont des assemblages supramoléculaires qui forment des 
pores dans des membranes lipidiques. Chaque monomère est constitué d’une baguette rigide 
p-octyphényle, dont la longueur correspond à l’épaisseur des bicouches lipidiques, sur 
laquelle sont attachés huit pentapeptides (Figure R6A) qui forment des interactions 
intermoléculaires du type feuillet β pour aboutir aux pores (Figure R6B). L’angle de torsion 
entre deux cycles aromatiques confère au baril β sa géométrie cylindrique. De plus, 
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side view top view
self-assembly
l’encombrement stérique est responsable de la position externe du premier acide aminé. La 
suite de l’enchainement se déduit de la géométrie des feuillets β qui alternent les chaines 
latérales de chaque côté : les résidus 2 et 4 se trouvent donc à l’intérieur du cylindre et les 














Figure R6 : Représentation schématique des barils β. A) Séquence peptidique attachée à la baguette p-
octiphényle. B) et C) vue de côté et de dessus de l’assemblage supramoléculaire, mettant en évidence les 
positions internes et externes des acides aminés. D) Détail d’un feuillet β. 
 
Les propriétés des barils β sont dues au choix des acides aminés utilisés et à leur 
position. Classiquement, les résidus externes sont des leucines, hydrophobes, pour permettre 
l’entrée dans la membrane, et les résidus internes (histidine et lysine principalement) 
apportent la fonction (catalyse, reconnaissance moléculaire), conduisant au bloquage des 
pores.12b) Il serait intéressant de développer un baril β qui, sous l’action d’une molécule, 
s’ouvre plutot que se ferme. Or, il a été montré dans le laboratoire, que les arginines, résidus 
hydrophiles, pouvaient passer d’une phase aqueuse à une phase organique grace à la présence 
d’anions amphiphiles qui masquent le caractère hydrophile des arginines ; seul leur propre 
caractère hydrophobe reste et permet cette extraction.122a) Un nouveau baril β LHRHL (Figure 
R7) a donc été imaginé avec la séquence classique HH à l’intérieur, mais avec une séquence 
extérieure LRL. Sans anion amphiphile, le pore ne devrait pas entrer dans la membrane à 
cause de l’arginine hydrophile à sa surface et donc rester inactif, alors qu’il devrait devenir 



























actif par liaison d’anions amphiphiles avec les arginines qui deviendraient hydrophobes et 














L’activité du baril β LHRHL a été determinée à l’aide de vésicules contenant un 
fluorophore (CF). La haute concentration de cette molécule dans les vésicules inhibe sa 
fluorescence. Mais l’entrée du pore dans les bicouches lipidiques conduit à la fuite de cette 
molécule vers l’extérieur des vésicules, qui redevient fluorescente. Donc, l’augmentation de la 
fluorescence traduit l’augmentation de l’entrée du pore dans la membrane, soit son activité. Il 
a été montré que, sans anion amphiphile, le baril β LHRHL 82 ne génère aucune fluorescence, 
il est inactif. Par contre, l’addition de ligands 83a-d (Figure R8) provoque l’augmentation de 
la fluorescence, ce qui signifie que le pore est entré dans la membrane, il est devenu actif. De 
plus, l’efficacité des ligands n’est pas identique, certains sont plus efficaces que d’autres et 
présentent donc une concentration nécessaire pour atteindre 50% d’activité (EC50) plus petite 
(Tableau R1). 
Des expériences contrôle ont été menées en présence des pores 85 et 86 
(respectivement barils β LHLHL et LRLHL). Le pore 85 n’a subi aucun effet de la part du 
ligand 83d alors que ce dernier a été responsable du blocage du pore 86 par liaison avec les 
arginines internes. Ces observations sont en accord avec la reconnaissance des anions 83a-d 
par les arginines externes du baril β LHRHL 82. Des expériences de FRET ont par ailleurs 
apporté une preuve structurelle de l’activation du pore 82 par cette reconnaissance. 


















Figure R8 : Structures des molécules utilisées pour l’étude du baril β LHRHL. 
 
La séquence interne classique HH a ensuite permis d’envisager le blocage du pore 82. 
L’acide polyglutamique est responsable d’un blocage indépendant du ligand (non compétitif) 
(Tableau R1) alors que l’héparine présente une efficacité variable en fonction de l’anion 
amphiphile utilisé (Tableau R1). L’héparine agit probablement, au moins partiellement, de 
manière compétitive avec les ligands. 
 
Polymère Ligand EC50 IC50a 
héparine 83a 0.44 ± 0.04 25 ± 3 
 83c 3.30 ± 0.50 19 ± 1 
 83d 14.80 ± 2.40 4.2 ± 0.5 
Acide 
polyglutamique 83a 0.44 ± 0.04 0.042 ± 0.002 
 83c 3.30 ± 0.50 0.047 ± 0.004 
 83d 14.80 ± 2.40 0.041 ± 0.007 
 
Tableau R1 : Efficacité du blocage en fonction du ligand et du polymère. a : IC50 (concentration d’inhibition) en 
nM pour l’acide polyglutamique et en µM pour l’héparine 
 
Les expériences de FRET ont une nouvelle fois apporté la preuve structurelle du 
blocage non compétitif de l’acide polyglutamique. 
 















Le baril β LHRHL a finalement été utilisé pour la detection en continu de réactions 
enzymatiques. En effet, les précédents barils β à baguettes rigides étaient utilisés pour la 
détection en temps réel ; la détection en continu n’était pas possible du fait du blocage du pore 
par le substrat ou le produit. L’hydrolyse de l’ester 88 par l’estérase de foie de porc (Pig Liver 
Esterase, PLE) pour aboutir au ligand 83d a été suivie à l’aide du pore 82. L’enzyme, l’ester 
88 et le pore 82 ne produisent aucune fuite de CF, séparés ou combinés (88 + 82). Seule 
l’addition de l’enzyme en présence du pore 82 et du substrat 88 déclencha une augmentation 
de fluorescence en fonction du temps (Figure R9), preuve de l’augmentation de l’activité du 










Figure R9 : Détection continue par le baril β 82 de l’hydrolyse enzymatique de l’ester 88 en fonction de la 




Le baril β LHRHL 82 est un baril β à baguette rigide innovant. En effet, contrairement 
aux précédents barils β artificiels, il s’ouvre (devient actif) en réponse à une stimulation 
chimique, en l’occurrence à la présence d’anions amphiphiles 83a-d qui se lient aux arginines 
de la surface externe du baril β LHRHL. De plus le blocage examiné classiquement avec les 
autres barils β artificiels a aussi été observé avec ce nouveau baril en présence d’acide 
polyglutamique et d’héparine. 
Enfin, une application pratique a été developpée, la détection en continu de réaction 
enzymatique. Le pore 82 permet de suivre ‘en direct’ l’hydrolyse de l’ester 88 comme s’il 
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Naphthalenediimide and perylenediimide rods 
 
1 Molecular rods 
 
Rigid-rod molecules1,2 are a widespread phenomenon. Their properties make them 
interesting for physicians, chemists as well as biologists. Two main areas of interest for 
molecular rods are 1) long-distance interactions such as energy or electron transfer; 2) 
construction of supramolecular assemblies and giant molecules.  
Rigid-rod molecules are ideal as spacers3 as they offer the possibility to place apart 
two active centers at a known distance with, at least to some extent, the possibility to control 
the properties of the medium in between. Moreover, as they contain almost systematically pi-
systems to confer them rigidity, energy or electron transfer may occur due to the pi-
conjugation. Thus they are often considered as wires4 mediating the directional motion of 
electronic excitation energy, electrons or holes, protons or even other ions from one active 
center to the other. 
The essential characteristic for rigid rods is the control of length. This is facilitated by 
the great variety of modules available (1a-n, Figure 1), even if combination is far from being 
synthetically easy. However, it is to note that with increasing length, the rigidity decreases 
leading to highly flexible, bent molecules, which sometime result in cyclic rods5. 
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Figure 1 : Chemical structures of some of the most common modules found in molecular rods. 
 
Their practical applications are manifold in material science. They are used as laser 
dyes,6 light-emitting diodes, 7 piezoelectric and pyroelectric materials8 and photoconductors.9 
Their use for optical data storage10 or optical switching and signal processing11 are under 
investigation. 
 
They can also be used as building blocks for supramolecular structures, a field that has 
been developed mainly for biochemical and material science applications. They are, for 
example, very useful to mimic complex structures found in living cells. Oligo(p-phenylene)s 
are widely used in Matile group as backbones for artificial proton channels as well as β-
barrels.12 In addition, they find usefulness as α-helix mimic (2, Figure 2) of a protein surface 
antagonist which is able to disrupt protein-protein interactions resulting in inhibition of HIV-1 
entry into cells.13 Finally, ternaphtalene derivatives have shown properties for host-guest 
recognition14 by selectively complexing and transferring 1,9-diaminononane and 1,10-
diaminodecane from aqueous solution into the organic phase. 













Figure 2 : A) Structure of polyalanine α-helix. B) Structure of 3,2’,2’’-trimethyl terphenyl as mimic. (from 
reference 13) 
 
2 Ion channels 
 
2.1 Natural channels 
 
Living cells are surrounded by a protective lipid bilayer membrane, which originates 
from the need of protection of the valuable interior contents.15 Some of the metabolites 
required for cell life are already confined inside but not all necessary molecules are trapped in 
the inner pool. However, membranes, over and above beneficial in the first place for 
protection, are too efficient barriers which prevent large molecules as well as small ions to 
transfer from one side to the other side. Ion channels have evolved to allow ions to cross the 
cell membrane. By the early 1960s, thanks to the work of two British biophysicists Hodgkin 
and Huxley on the nerve impulse, it was becoming clear that ion channels were composed of 
proteins, which help ions back and forth through the membrane by lowering the energy barrier 
inherent to this process. Ion channels are typically an assembly of several proteins involved in 
a circular arrangement to form a water-filled pore through the plane of the bilayer. They 
conduct specific ions (mainly Na+, K+, Ca2+ and Cl−) from side to side of the membrane 
nearly as quickly as the ions move through free fluids. Passage through the pore is governed 
by a “gate” which may be opened or closed by chemical or electric signals, temperature or 
mechanical force. This is the reason why ion channels are classified in three different groups. 
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∗ Voltage-gated ion channels (Figure 3). They are able to sense the transmembrane 
potential and open or close in response to depolarization or hyperpolarization. The most 
frequent examples are sodium and potassium channels of the nerve axons and nerves 
terminals. Voltage-gated sodium channels are responsible for the action potential of neurons 










Figure 3 : X-ray structure of the KvAP channel (voltage-gated potassium channel) viewed from the intracellular 
side of the membrane.16 
 
∗ Ligand-activated ion channels. They open in response to a specific molecule on 
either the external or on the internal face of the membrane. Thus this group is divided in two 
subgroups: a) Extracellular ligand-gated channels including GABA (Figure 4) and glycine 
receptors; most of them are regulated by neurotransmitters. b) Intracellular ligand-gated 
channels including Cystic Fibrosis Transmembrane conductance Regulator (CFTR), Calcium-
activated Chloride Channels (ClCas) or ion channels involved in sense perception (vision, 
olfaction and taste). 










Figure 4 : Mechanism of opening and closing of GABAA receptor due to binding of neurotransmitters (GABA 
or Benzodiazepine) 
 
∗ Mechanosensitive and cell volume-regulated ion channels. Though the classification 
process for this group is still under studies, some examples are already classified in this 
category. The stretch-activated ion channels are mechanosensitive ion channels in neurons 
that open and close in response to mechanical stimuli which cause sense of touch and hearing. 
ClC chloride channels are members of the swelling-activated channels and are ubiquitous. 
 
2.2 Natural anion channels 
 
Ion channels are extensively studied, cation channels having a head start on anion 
channels. However the last have attracted recent attention due to their important role in 
various channelopathies like cystic fibrosis or myotonia congenita. Some examples of anion 
channels will be described in this paragraph in order to highlight what is known about the 
transport of anions through membranes. 
 
2.2.1 Voltage-dependent anion selective channel (VDAC) 
 
This anion channel is located at the outer surface of mitochondria of all eukaryotic 
organisms. 17 It is a large aqueous pore made of a single polypeptide chain18 which is folded in 
12 β strands and one α helix.19  
The voltage-gated open state shows preference for anions and especially metabolic 
anions such as ATP, ADP or succinate.20 However, the selectivity among alkali metal ions 
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and halide ions is poor due to the large pathway required to permeate metabolites. The 
electrostatic profile inside the channel, with charged residues lining the walls, seems to play 










Figure 5 : Schematic model of the VDAC molecule in the membrane illustrating the 12 strands of antiparallel β 
sheets and the α helix.21  
 
2.2.2 ClC chloride channels 
 
ClC chloride are channels found from bacteria to mammals with high degree of 
conservation in the membrane-inserted pore forming region. These channels regulate 
electrical excitation in skeletal muscles and the flow of salt and water across epithelial 
barriers. Their defects are responsible for myotonias, nephropathies including 
Bartters’syndrome and osteopetrosis.22 They are dimmers of polypeptides, each containing 
their own independent pathway (Figure 7A)23 made of 18 α helices. The positive ends of the 
helices dipoles point toward three anion binding sites (Figure 6A), creating therefore an 
electrostatically favorable environment for anion binding.24 Moreover, chemical interactions 
with nitrogen atoms and hydroxyl groups of the residues stabilize anions within the selectivity 
filter (Figure 6B). No contact to full positive charge is allowed ensuring that binding is not too 
strong. The presence of three binding sites is verified by a multiple ion occupancy property 
and ion hopping from one site to another one in a comparable manner to that of potassium 
channels (Figure 7B).25 The external binding site situated nearest the extracellular solution 
can be closed by a glutamic side chain mimicking chloride (Figure 6B),26 playing a role in 
gating which is not yet well established. ClC chloride channels are probably voltage-gated, 
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A B
but they are also ligand-gated by chloride itself as the ligand27 which tightly couple gating and 













Figure 6 : A) Architecture of ClC chloride channel and potassium channel. In the first case, the two subunits are 
in opposite direction and α helices point toward the binding site from opposite sides of the membrane in respect 
of dipole direction. In the second case the subunits are parallel and the α helices point at the membrane center 
from the same side of the membrane. (from ref 24) B) Schematic drawing of the three binding sites highlighting 
chemical interactions. In the closed state, the external site is occupied by glutamate and the two others by 
chloride. In the open state they are all occupied by chloride. (from ref 26) 


















Figure 7 : A) Structure of ClC channel dimer. View from within the membrane with the extracellular solution 
above. (from ref 24) B) Comparison of potassium and chloride channels selectivity filters. Both show multiple 
binding sites. The helices are cylinders. (from ref 25) 
 
2.2.3 Calcium-activated chloride channels (ClCaCs) 
 
Many cell types express calcium-activated chloride channels which are involved in 
many phenomena such as olfactory, taste and phototransduction, neuronal excitability, 
regulation of cardiac excitability and so on.28 They are numerous and their molecular identity 
is still not resolved and under investigation. Moreover, due to their great number and 
variability, the observations made are not necessarily systematic and convey that subclasses 
have still to be defined. ClCaCs are activated by calcium coming either from calcium influx 
into the cell or from intracellular stores. Thus they are often coupled with other channels such 
as CFTR29 and two mechanisms of activation are possible. Either calcium could bind directly 
to the channel or it can indirectly act via calcium-binding protein or calcium-dependent 
enzymes. In the latter case, the channel is regulated by protein phosphorylation involving the 
calmodulin-dependent protein kinase CaMKII.30 Calcium-dependent phophatase calcineurin 
as well as G proteins are also positive regulators31 able to directly32 or indirectly33 regulate 
ClCaCs. Concerning the direct gating, only little is known but it seems that the process is 
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voltage-gated if the cytosolic calcium concentration is below 1 µM but not at higher 
concentration.34 The channel has multiple binding sites for calcium so the opening process is 
stepwise. Two models are proposed: one involving two calcium ions and three closed states35 
and one open state whereas the second more complex model, needs three calcium ions with 
four closed and three open states. 
 
2.2.4 Cystic fibrosis transmembrane conductance regulator (CFTR) 
 
The cystic fibrosis transmembrane conductance regulator is a chloride channel 
involved in transepithelial salt and water transport. Lack of function results in dehydrated 
mucus clogging ducts and developing lethal bacterial infections.36 The major mutation 
responsible for this disease is the deletion of phenylalanine 508 which prevents proper 
maturation of the protein and is then tagged for degradation.37 CFTR consists of two domains, 
each made of six transmembrane helices (TM1 to TM6 and TM7 to TM12) and one cytosolic 
nucleotide-binding domain (NBD1 and 2) linked together by a regulatory domain (R) (Figure 
8). ATP binding and hydrolysis by NBDs are gating processes for CFTR. TM1 and TM6 
seem to be the major domains for pore formation and selectivity filter. Actually, positively 
charged residues are of great interest to attract anions inside and drive them through the pore. 
It has been shown that lysine 95 in TM1 and arginine 334 in TM6 pull chloride ions in the 
channel.38 Aromatic residues are also involved in the channel, probably in anion-pi 
interactions with chloride. Phenylalanine 337, tyrosine 338 in TM639 as well as arginines 347 
and 35240 play a role in binding, suggesting the existence of multiple binding sites responsible 
for fast transport: movement of one anion inside the pore is coupled with the movement of 
another anion and influences each other’s movement; entry of one anion accelerate the exit of 
another anion already inside the pore. When anions are simultaneously in the pore, they 
experience mutual repulsive electrostatic effects accelerating the rate of the overall transport. 

















Figure 8 : Schematic topology of CFTR with relative position of residues of importance in anion transport. 
 
As most of the chloride channels, CFTR exhibits a poor selectivity which reflects a 
lack of necessity for strong discrimination: unlike cation channels which have to discriminate 
between cations very precisely, anion channels have to choose between chloride and large 
organic anions which have their dedicated channels like VDAC and that are usually kept 
inside by the cell. 
 
2.3 Ion selectivity 
 
Information on anion selectivity from 81 biological or non-biological systems was 
used to construct empirical selectivity isotherms.41 Wrigth and Diamond gathered 
experimental results and summarized them in isotherms (Figure 9 for halide) inspired by 
Eisenman’s studies of cation series.42 Seven selectivity sequences for halides were extracted 
as Eisenman summarized his results in eleven sequences for alkali cations (Table 1). It is 
remarkable that many more sequences are theoretically possible due to permutation between 
ions, but only these sequences have been observed (exception with halide sequences VI and 
VII). Moreover, once the selectivity ratio between two ions is known, it is possible to predict 
the full sequence from the isotherms (Figure 8). 
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 Alkali cations Halide 
I Cs > Rb > K > Na > Li I > Br > Cl > F 
II Rb > Cs > K > Na > Li Br > I > Cl > F 
III Rb > K > Cs > Na > Li Br > Cl > I > F 
IV K > Rb > Cs > Na > Li Cl > Br > I > F 
V K > Rb > Na > Cs > Li Cl > Br > F > I 
VI K > Na > Rb > Cs > Li Cl > F > Br > I 
VII Na > K > Rb > Cs > Li F > Cl > Br > I 
VIII Na > K > Rb > Li > Cs  
IX Na > K > Li > Rb > Cs  
X Na > Li > K > Rb > Cs  
XI Li > Na > K > Rb > Cs  
 
















Figure 9 : Summary of halide isotherms. Intersection between each line is transition from one selectivity 
sequence to the next one, numbered from 1 to 7. (from ref 41) 
 
INTRODUCTION  Naphthalenediimide and perylenediimide rods 
 12 
These experimental sequences have been verified by four theoretical models. They are 
based on the fact that equilibrium constants for ion exchange depends for each ion, on the 
difference between its hydration energy and its binding energy to the ‘exchanger’ (channel). If 
one considers two anions (Eisenman has introduced the method for alkali cation) a and b, 
water and a cationic site of exchange, the free-energy change for each ion, ∆Gtransfer is as 
follows:  
 
∆Ga, transfer = ∆Ga, site - ∆Ga, hydration 
∆Gb, transfer = ∆Gb, site - ∆Gb, hydration       (1) 
 
where ∆Ghydration is hydration energy for each ion and ∆Gsite is the ion-to-site binding energy. 
Then, the ion-exchange equilibrium constants for the two anions is given by 
 
∆Ga, transfer - ∆Gb, transfer = -RT ln (Ka/Kb)       (2) 
 
Values of ∆Ghydration for halides are available and therefore only ∆Gsite needs to be modeled to 
obtain theoretical expressions of selectivity. 
In biological systems, the nearest neighbor of an anion is an atom with a whole or 
partial positive charge, either a cation or the positive end of a dipole. It is usually a nitrogen 
atom in an amino group or a hydrogen atom covalently bound to oxygen or nitrogen atoms. 
As it is difficult to calculate accurately the forces between anions and their ligands, Wright 
and Diamond have modeled ∆Gsite by the four methods used by Eisenman to rationalize cation 
selectivity.42 In the two first methods, electrostatic interactions between an anion and either a 
cation or a dipole were involved. Thermochemical values for anion-cation forces in crystal or 
in aqueous solution were used in the two last methods. In all cases, the same seven sequences 
were obtained. 
Eisenman’s theory, highlighted by these sequences, pointed out that selectivity is 
determined by a balance between the energies associated with ion-water and ion-channel 
interactions. However, if both interactions are mainly electrostatic, they both should vary 
inversely with ion radius, i.e. small ion implies large energies. So everything should depend 
on the apparent ‘field strength’ of the part of the channel interacting with the ion. At high 
field strength, smaller ions would have more affinity with the channel, and the selectivity 
sequence would follow the order of increasing ionic radius (sequence VII for halide and XI 


















for cations). On the contrary, at weak field strength (poor ion-channel affinity), the 
partitioning process would be dominated by hydration energy and small ion would stay easier 
in aqueous solution. Thus the selectivity sequence would be the opposite (sequence I). 












Figure 10 : Topology of alkali cation sequences plotted versus inversed ionic radius. 
 
Nevertheless, permeation through a channel is a two-step process: it involves 
permeability, which is the ease of the ion to enter into the pore, and conductance, which 
defines the tightness of ion-channel interactions. In the theory presented above, the second 
step is ignored as the channel is considered to be a tunnel in which the ions only diffuse. This 
simple model is attractive because it explains why most of the chloride channels exhibit a 
poor selectivity following a lyotropic sequence (large ions which are more weakly hydrated 
present a higher permeability). But it neglects ion binding inside the channel. The movement 
of ions in the channel can be viewed as hopping from one binding site to the next one which 
are effects of multiple occupancy.43 Although CFTR displays the same lyotropic sequence for 
both permeability and conductance selectivity, it is not the case of ClCaCs. The latter present a 
bell-shaped profile for conductance versus hydration energy.44 The smallest anions with large 
hydration energy are poorly conductive as their permeability is poor; largest anions, with low 
hydration energy, bind into the channel too tightly and finally, the transported anions are the 
one having an intermediate hydration energy (Figure 11). 











Figure 11 : Selectivity of calcium-activated chloride channel. A) and B) Relative permeability of anions as a 
function of ionic radius and hydration energy. C) Conductance selectivity as a function of hydration energy. 
 
2.4 Artificial anion transporters 
 
The need of synthetic anion transporters increased with the discovery of the numerous 
genetic diseases involving chloride channels. Their substitution with alternative transport 
systems may have high therapeutic potential.  
Various approaches are used to develop synthetic anion transporters.45 Some groups 
exploit peptide-based structural motifs such as the peptidic sequence from a glycine receptor 
which was synthesized and modified by Tomich et al. to obtain the best channels possible.46 
Channel activity was observed with clear anion selectivity. Gokel and coworkers worked with 
a library of peptides based on the GGGPGGG sequence inspired by a motif in the ClC 
channels family. They observed the formation of dimers responsible for chloride transport.47  
On the other hand, systems without any intrusion of natural components are numerous. 
Davis built up transporters based on calixarenes, such as 3a-b (Figure 12A),48 leading to the 
formation of chloride selective channels that transport both H+ and Cl−. However, in this case, 
the cyclic structure is not mandatory as linear analogues are even more active.49 
Calixpyrroles, in studies run by Sessler, Schmidtchen and Gale, form efficient chloride 
receptors, but their ability to transport has not been shown yet.50 Another cyclic system, 4, 
derived from β-cyclodextrin, was synthesized by Gin group and has exhibited transport of 
sodium as well as faster transport of bromide and iodide (Figure 12B).51 In addition, this 
system exploits positive charges to create a portal for anions.  
Positively charged compounds, such as 5, with a structure inspired of squalamine, a 
natural steroidal polyamine, were also used by Regen (Figure 12C). The steroidal part 















promotes translocation into the bilayer membrane while the polycationic chain provides the 
motif for anion transport, either by H+/Cl− symport or Cl−/HO− antiport mechanism.52 
Moreover, medicinal studies on this system have demonstrated enhanced chloride transport 
across cystic fibrosis epithelial cell membranes.53  
Other inspiring natural compounds are the prodigiosins 6a known to act as H+Cl− 
transporters. Sessler and Gale54 reported structures 6b-e based on prodigiosin (Figure 12D) 
that exhibited pH-dependent chloride efflux from vesicles, in agreement with H+Cl− symport. 
Cholapods 7a-c, derived from cholic acid, were used in the context of anion transport 
by Davis (Figure 12E).55 Their steroidal framework confers lipophilicity for inclusion into the 
membrane and a preorganized scaffold that is suitably functionalized to provide a 
multihydrogen-bond binding site for anions. The chloride efflux that they promote from 
vesicles depends on the external anion, providing an evidence of anion selectivity. 
Recently, chloride transporters based on isophtalimides, sucg as 8a and 8b, were 
reported.56 Very strong binding properties with selectivity for chloride among halides were 

















Figure 12 : Structures of the artificial anions transporters. A) Calixarenes of Davis; B) Modified β-cyclodextrin 
of Gin; C) Regen’s steroids; D) Prodigiosin-like compounds used by Sessler and Gale; E) Cholapods from Davis 
and F) isophtalamides compounds. 





3.1 Interactions with electron-rich compounds 
 
Due to the presence of electron-withdrawing groups, NDI are electron-poor systems. 
As a result of their electron-poor character, NDIs have the ability to interact (pi-stacking) with 
electron-rich aromatic systems(such as dialkoxynaphthalenes DAN). Iverson and coworkers 
have synthesized a threading tetra-NDI-intercalator 9 which binds DNA in a way similar to ‘a 
snake might try to climb a ladder’ (Figure 13).57 The molecule was designed to have two 
different linkers to promote binding in the minor grove and in the major groove of DNA, 
between each intercalated NDI units. Moreover, this molecule is proved to be sequence 








Figure 13 : Chemical structure of the threading tetraintercalator and a scheme of its way of selective binding to 
DNA sequence.  
 
Another such example from the Iverson group are aedamers (aromatic electron donor-
acceptor), large synthetic molecules 10 which are able to fold thanks to interactions between 
alternating DAN and NDI moieties (Figure 14A).58 In addition to intramolecular assembly of 
aedamers, they also developed ‘hetero-duplexes’ in which the same interactions are involved 
but intermolecularly, between two single strands of NDI 11 and DAN 12 (Figure 14B).59 
Sanders et al. have extended the concept to create catenanes and rotoxanes based on donor-
acceptor interactions between NDI and DAN. 




















Figure 14 : Chemical structures and schematic representation of folding for A) aedamers and B) hetero-
duplexes. 
 
3.2 Anion-pi interations 
 
Anion-pi interactions is a young concept which has boomed for a small decade. It 
became a subject of interest with the increasing role of anions in biological systems. First, 
computational investigations were quite simultaneously published by Mascal60, Alkorta61 and 
Deyà,62 showing that these interactions are energetically favorable and can be comparable 
with moderate to strong hydrogen bonds. They can be seen as the balance for cation-pi 
interactions, both involving polarization induced by the ion and electrostatic contribution 
from permanent quadrupole moment of aromatic rings.63 In the case of anion-pi interactions, 
the quadrupole moment of the aromatic ring is positive whereas it has the opposite sign for 
cation-pi interactions (Figure 15A), although Clements and Lewis have reported that weak 
interactions between cations and slightly electron-poor aromatic systems and between anion 
and slightly electron-rich systems are possible.64 Few experimental data are available and 
have been recently reported by Reedijk.65 In a study published by Johnson et al.,66 two 
receptors which differ only in the electron deficiency of one aromatic ring were synthesized, 
one case, 13, comprising an electron-rich benzene while in the second case, 14, five fluorine 
atoms made the ring electron-poor. Halide binding of these two receptors as measured by 1H 

































NMR revealed that the electron-poor receptor shows association whereas the other not (Figure 












Figure 15 : A) Representation of the quadrupole moments of electron-rich benzene and electron-poor 
hexafluorobenzene and the anion-pi interaction. B) Chemical structures of Johnson’s receptors with their HF 
geometry minimizations.  
 
3.3 Naphthalenediimides in material sciences 
 
Due to their electron poor nature NDIs are electron acceptor moieties, which make 
them being attractive for material sciences. Miller and coworkers synthesized rigid-rod 
molecules 15 made of NDI and biphenyl spacers up to 75 Å (Figure 16). Reduction of these 
poly-NDI rods gave localized, persistent poly(anion radicals) and poly(dianions).67 Moreover, 





Figure 16 : Chemical structure of rigid-rod molecules from Miller group. 
 
In addition, NDIs are used in systems designed for electron transfer. Actually, 
photogeneration of radical ion pairs is of major interest for development of photosynthetic 
systems and solar cells, which are extensively studied nowadays because of their potential to 






become an alternative source of energy by using solar energy. Wasielewski introduced them 















Figure 17 : Molecular structures of A) Wasielewski’s covalent triad and B) Sessler’s non-covalent dyad. 
 
However, core-substituted NDIs were developed by Würthner and coworkers.71 
Addition of ethers or amines on the aromatic core of NDIs (18a-c) clearly changed their 
absorption and emission spectra (Figure 18).Thus NDIs electronic properties can be tuned in 
order to get more efficient compounds for photosynthetic applications. 








































Figure 18 : Core-substituted NDI and their absorption/emission spectra. 
 
Matile et al. employed diamino core-substituted NDI units to prepare supramolecular 
self-assemblies 19 in lipid bilayer membranes with photosynthetic activity (Figure 19) and a 












Figure 19 : Helical tetrameric superstructure 19 is responsible of electron transfer under irradiation. The 
photosynthetic activity is fluorometricaly detected: the transfer of electron induces reduction of internal quinone 
with increase of pH monitored by internal HPTS emission, and oxidation of external EDTA. 
 




3.4 Perylenediimides and higher rylenes diimides 
 
The PDIs were first used for industrial purposes as red pigments especially with 
automotive finishes,73 while due to their high affinity for electrons, they are among the best n-
type semi-conductors and have application in electronic materials.74 Moreover their great 
ability for energy and electron transfer makes them very good candidates for light-emitting 
diodes and solar cells.  
Wasielewski and coworkers reported various structures showing charge transfer75 and 
energy transfer ability.76 The molecule 20 responsible for charge transfer is made of four PDI 
units attached to a porphyrin (Figure 20A). The strong tendency for self-assembly results in 
the formation of large soluble nanoparticules with a 150 ± 30 nm diameter in which PDI 
molecules adopt a parallel stacked geometry (Figure 20B). Ultrafast charge separation 
ZnTPP+ - PDI4− and migration of the electron from PDI− onto the other PDI molecules that 












Figure 20 : A) Structure of the charge transfer system. B) Schematic representation and energy-minimized 
model (top and side view) of the self-assembly. 
 
In a second example, the central porphyrin is replaced by a fifth PDI (Figure 21A). 
This molecule 21 also presents tendency for assembly (dimer in solution and higher 
aggregates in solid state) with parallel, stacked geometry (Figure 21B). Its emission spectrum 
is broadened and red-shifted as compared to the monomer, evidence for the formation of 
excimer. Transient absorption spectrum exhibits a ground-state absorption bleach and broad 
excited state absorption, suggesting strong interaction between the excited and the 











neighboring PDIs. The kinetics of the recovery of the ground-state bleach match those of the 











Figure 21 : A) Structure of the energy transfer system. B) Energy-minimized model (top and side view) of the 
self-assembly in solution (dimer). 
 
Pentarylene- and hexarylenediimides 22 (Figure 22A) were synthesized in the Müllen 
group.77 These polyaromatic molecules exhibited near-infrared (NIR) absorption properties 
(Figure 22B) suitable for laser-welding of plastics, efficient blocking of heat rays or security 
printing due to their absence of color. In addition, these compounds present high photo- and 












Figure 22 : A) Chemical structures of pentarylene- (n = 0) and hexarylenediimides (n = 1). B) Absorption 
spectra of the series: perylenediimide (a), terylenediimide (b), quaterrylenediimide (c), pentarylenediimide (d) 
and hexarylenediimide (e). 
 


















































plane of the β-sheet
Ligand-gated multifunctional pore 
 
1 Natural β-barrels 
 
As previously shown, ion channels are proteins. They are either monomer or made of 
several units (quaternary structure), but in any cases they are folded (tertiary structure) to 
adopt the right conformation for their function. Proteins are polymers of amino acids (primary 
structure) highly organized in space. Amino acid sequences form ordered secondary structures 
due to repeating hydrogen bonds between the carbonyl of one amino acid with N-H of another 
one.78 The most common secondary structures are α-helices and β-sheets because they only 
depend on common properties for all residues. β-sheets are arrangement of strands of peptides 
in a parallel or antiparallel manner. Two consecutive strands of a β-sheet can point in the 
same direction (parallel) or in the opposite direction (antiparallel). Successive β-strands 
constitute β-sheets in which peptide backbones are all in the same plane. The side chains of 












Figure 23 : Representation of antiparallel and parallel β-sheets. Peptide backbones are in the plane of the β-
sheet, side chains of the residues are either above or below this plane. Hydrogen bonds responsible for this 
highly ordered structure are dashed lines. 
 
However, β-sheets are not absolutely flat. Their tendency to bend allows large β-
sheets to completely roll up to form a cylinder called β-barrel. In these conditions, residues 
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are not positioned alternatively on one or on the other side of the sheet but they point outside 
or inside of the β-barrel. Thus, β-barrels can be classified into two main categories: β-barrels 
soluble in water and β-barrels soluble in lipid bilayer membranes. In the former, the side 
chains pointing outside are hydrophilic and the inside side chains are hydrophobic whereas in 
the latter it is the opposite. These two groups have different functions due to this major 
difference.  
The soluble in water β-barrels, with their hydrophobic interior, are able to bind ligands 
and exhibit roles in retinol transport, pheromone transport, cryptic coloration or olfaction and 
so on.79 A very well-known member of this category is the streptavidin and its ligand biotin 












Figure 24 : Avidin-biotin complex. 
 
β-barrel membrane proteins are found in the outer membrane of bacteria, mitochondria 
and chloroplasts in which they are anchored thanks to their hydrophobic surface. They have a 
wide spectrum of functions amongst diffusion pore (PhoE), transporter for vitamin B12 (BtuB) 
or fatty acid (FadL), ion channel (OmpA),80 protease (OmpT)81 or phospholipase (Ompla)82 
(Figure 25). 















Figure 25 : Example of β-barrel membrane proteins. 
 
2 Artificial β-barrels 
 
Due to a vast diversity of functions, β-barrels are very interesting for chemists and 
biochemists and are a great source of inspiration. Actually, the main goal of proteins mimicry 
and especially in the case of β-barrels is to understand proteins mechanisms (folding and 
activity) but also to develop new systems with attractive functions (catalysis, drug delivery, 
sensing and more). Two different approaches in the field of ion channels and pores mimicry 
are found in the literature: de novo chemically modified peptides (including bioengineered 
membrane proteins and natural products) and purely synthetic compounds with abiotic 
scaffolds (not found in any biological systems). 
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controlling the ion selectivity of protein pore
trapping single organic 
molecules in a nanocavity
detection of phosphatesdetection of metal 
ions
detection of organic 
analytes
captured guest





2.1 De novo and synthetic artificial β-barrels 
 
2.1.1 De novo artificial β-barrels 
 
The formation of β-barrels based on de novo polypeptides in solution was first 
reported in 1990 by Martial and coworkers.83 A decade latter, Bayley and his group started to 
work with α-hemolysin (Figure 26A), a bacterial toxin that forms a heptameric 
transmembrane β-barrel. Genetic engineering or targeted chemical modifications provided 
new pores with function such as cation detections,84 organic analytes detection,85 driving of 
neutral molecules by electroosmosis,86 stochastic sensing of phosphates87 or TNT,88 control of 
















Figure 26 : A) Structural side and top view of α-hemolysin. B) Schematic representation of functions of 
artificial β-barrels based on modified α-hemolysin. 
 





supramolecular ion channel / pore
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2.1.2 Synthetic artificial β-barrels and other pores 
 
Synthetic artificial β-barrels are supramolecules held together by a hydrogen bonding 
pattern similar to β-sheets. However other types of design of transmembrane pores which are 
not based on β-sheet arrangement and even not necessarily on hydrogen bonds were also 
reported and reviewed.92 Figure 27 contains a summary of these structures. Artificial β-barrels 










Figure 27 : Schematic representation of the different pore constructions. A) Unimolecular macromolecules, B) 
Barrel-stave, C) barrel-hoop and D) barrel-rosette supramolecular assembly. 
 
Macrocycles derivatives based on cyclodextrins, calixarenes or cucurbiturils are 
common members of the unimolecular category. The most popular macrocycles are crown 
ethers. Oligocrowns 23 (Figure 28A)93 are extensively used in the field of synthetic ion 
channels and pores. The activity of these compounds depends on the number of cycles and on 
the length and the structure of the spacers. The binding properties of crown ethers make them 
suitable for cation transport purposes. 
















Figure 28 : A) Example of unimolecular pore based on oligocrowns. B) Example of barrel-rosette 
supramolecular pore: the isophtalic derivative forms complex and unknown suprastructure. 
 
Barrel-rosette motif includes the small molecules forming complex channels or pores 
with an unknown and elusive suprastructure. Fyles and coworkers reported an isophtalic 
derivative 24 (Figure 28B) with ion channel properties. The authors hypothesized that the 
active suprastructure consists of two to ten monomers.94 
Ghadiri provided an example of barrel-hoop artificial β-barrels with cyclic peptides 25 
alternating D and L amino acids.95 Tubular structures are obtained due to the self-assembly of 
these peptides via antiparallel β-sheet hydrogen bonding, either in solution or in bilayer 
membranes (Figure 29).96 The diameter of these nanotubes could be tuned by varying the 
number of residues in the ring, resulting in transport activities of K+ and Na+97 or, in the case 











Figure 29 : Struture of Ghadiri’s cyclic peptides and their self-assembly into artificial β-barrel in membrane. 
 






































However, these cyclic peptides present one major drawback. All the side chains are 
positioned at the outer surface of the nanotube, thus the inner surface can not be 
functionalized. This is the reason why Roeske introduced another type of cyclic peptides, such 
as 26, alternating three L and one D amino acids with hydrophilic residues pointing toward 









Figure 30 : Structure of (LLLD)3 cyclic peptides with hydrophilic side chains pointing inside conferring 
modularity to the interior of the nanotube. 
 
For barrel-stave supramolecular pores, rigid-rod β-barrels are perfect illustration and 
will be extensively described in the following section. 
 
2.2 Rigid-rod β-barrels 
 
In 1995, Kelly reported the construction of a host-guest complex 27•28 composed of 
three tetrapeptides in an antiparallel β-sheet formation with a distance of 4.9 Å between each 
strand (Figure 31),100 showing that even short peptides are able to adopt secondary structure.  

















































































Figure 31 : Chemical structure of peptide host and guest and schematic representation of host-guest complex 
with antiparallel β-sheet. 
 
Early investigations on rigid-rod molecules combined to this conclusion resulted in 
new mimics of β-barrels: rigid-rod β-barrels. p-octiphenyl rods were chosen as the staves of 
the barrel. Indeed, their length matches the thickness of EYPC lipid bilayers and the distance 
between two sites of substitution respects the distance necessary for the formation of β-sheets 
(10 Å, Figure 32A). At these sites of substitution are attached pentapeptides that interdigitate 
with pentapeptides of the neighboring rod, yielding the formation of eigth-standed antiparallel 
β-sheets as the ‘walls’ of the β-barrels. Cylindrical β-barrel supramolecules are obtained due 










Figure 32 : Schematic representation of p-octiphenyl rod highlighting the remarkable distances (A) and the 
torsion angle (B). 
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4.9 Å



































































side view top view
self-assembly
Limited internal space guides the first amino acid to the outer surface of the pore. Thus 
every second residue after the first one (odd number) is also at the outer surface while the 
even residues are at the inner surface of the β-barrel. In most of the cases, the external amino 
acids are hydrophobic (mainly leucine) to facilitate incorporation of the pores into bilayer 
membranes while variation of internal amino acids allows the introduction of 
multifunctionality (histidine, lysine, aspartic acid, arginine…) (Figure 33). Practical functions 
have been reviewed several times12b),101 and can be summarized as follows: catalysis, 
molecular recognition of α-helices or nucleotides and others and finally detection of 
enzymatic reactions and sensing. Detection of chemical reactions and sensing are actually 
direct application of molecular recognition. The diversity of analytes and enzymes that can be 
detected is substantial and β-barrels can be viewed like molecular tongues due to their 
capacity of detection of compounds responsible for taste.102 Moreover, these applications are 
















Figure 33 : Schematic representations of β-barrels. A) Peptide hoops attached to the p-octiphenyl rod. B) and C) 
Side and top view of the supramolecular assembly emphasizing the external and internal positions of the 
residues. D) Detail of the antiparallel β-sheets. 
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3 Arginine-rich peptides 
 
Protein transduction domains or cell penetrating peptides are remarkable for their high 
ability for membrane translocation. The common point of HIV-1 Tat, Antennapedia, VP22 
transcription factor and other peptides103 is the presence of multiple arginines. Linear and 
branched oligoarginines 29a-b (Figure 34A), D- and L,D-oligoarginines,104 guanidinium-rich 
peptoids,105 β and α/β-peptides 30 (Figure 34B),106 carbamates oligomers 31 (Figure 34C)107 
as well as peptide nucleic acids 32 (Figure 34D)108 were reported to rapidly translocate 
membranes; but oligolysines or oligohistidines are not so active.109 Thus, more than the 
arginines, the key point is in fact the guanidinium group. Actually, no specific structure is 
required but the guanidium group. The other impressive point is the diversity of the molecules 
delivered into cells thanks to these guanidinium-rich compounds: peptides,110 proteins,111 
oligonucleotides,112 liposomes,113 polymeric particles,114 phages115 and adenoviruses116 are 
among the list of internalized structures. The absence of particular spatial requirement is in 
agreement with an uptake mechanism not involving a specific receptor. It is thought that the 
first step of the delivery process is interactions of the positive charges of the guanidinium-rich 
compound with anionic structures present at the cell surface such as anionic amino acids of 
extracellular proteins, anionic charges of glycosylated proteins or anionic charges from 
membrane phospholipids,117 followed by the conventional endocytotic pathway. But the 
uptake mechanism remains controversial and is not clearly elucidated yet.  
The properties of translocation are not the only special behavior of arginine-rich 
peptides. Amphiphilic helical arginine-rich peptides form cation selective channels118 rather 
than the expected anion channels and antibiotic and antimicrobial activities were reported as 
well.119 To finish, MacKinnon and coworkers suggested that translocation of arginine-rich 
paddles could be the key of the mechanism of voltage-gating of biological potassium 
channels.16,120 
















Figure 34 : Structures of arginine-rich peptides. A) Branched oligoarginines, B) β-oligoarginines, C) 
oligocarbamates and D) peptide nucleic acids. 
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Statement of the problem 
 
1 Naphthalenediimide and perylenediimide rods 
 
The synthesis of artificial anion transporters is a hot topic facing the increasing 
number of diseases involving anion channels that have been discovered. We have decided to 
step into the breach and to design new rigid-rod molecules based on NDI units presenting 
multiple binding sites and exhibiting anion transport properties.  
The general objective of this first project was to introduce a new type of interactions 
and to align three sites of binding along a new rigid-rod molecule. Anion-pi interactions have 
never been used in synthetic anion channels while hydrogen bonds and salt bridges are 
commonly used. In order to fulfill this general objective, the first specific objective was to 
study the importance of the self-assembly, the importance of the solubility and the importance 
of the orientation in membrane on the activity of these new rods. The second specific 
objective was to develop or improve methods of characterization based on fluorescence 
detection to study the properties of our compounds, such as anion selectivity and anomalous 
mole fraction effect. 
 
2 Ligand-gated multifunctional pore 
 
A great number of artificial β-barrels were studied in Matile group, with a variety of 
functions such as catalysis and molecular recognition. However, this diversity of functions is 
due to modifications of the amino acids pointing inside the barrel. The outside triad is in all 
cases, except one, LLL. The exception is a LWV triad, designed to stabilize the LRLHL β-
barrel in order to improve its already exciting properties of sensing. Thanks to the propensity 
of valine (V) to form β-sheets and the high affinity of tryptophan (W) for membranes, 
LRWHV β-barrel was designed to be more stable in bilayer membranes.121  
Cell penetrating peptides, rich in guanidinium groups, display high ability of 
transfection. Matile and coworkers have shown that counter anions bound to arginines play an 
important role in the capacity of polyarginines to cross bilayer membranes.122 The general 
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objective of this second project was to prepare a new β-barrel which can be open and close in 
response to chemical stimulations. The design of this new β-barrel is based on the transfection 
properties of cell penetrating peptides and on the effect of arginines counter anions. The 
specific objective was to determine the role of ligands for gating or blockage, with structural 
and functional studies, on the activity of this barrel. Finally, the last specific objective was to 
practically use this new sensor for continuous fluorimetric detection of enzymatic reactions. 
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RESULTS AND DISCUSSION 
 




The development of strategies to design anion channels/transporters has increased 
within the last few years considering the importance of anion channels in numerous 
diseases.45 The anion selectivity has attracted recent attention because of the possible 
medicinal use to treat anion channelopathies. They are diseases caused by malfunction or 
even lack of anion channels such as CFTR, ClCaCs, ClCs, glycine and GABA receptors (Best 
disease, Startle disease, Angelman syndrome, Bartter syndrome, myotonia, nephrolithiasis, 
osteopetrosis, cystic fibrosis and more).123 
Most of the examples of synthetic anion transporters are based on ion pairing and 
hydrogen bonds. But we have decided to focus on the more challenging field of anion-pi 
interactions. They are attractive for computational chemists,124 only few examples are 
available in solution,125 none in ion channel proteins and they remain unexplored in the 
context of synthetic ion channels and pores. Moreover, cation-pi interactions have been 
successfully used to provide ion channel/transporter (Figure 35A), based on electron-rich 
rigid p-oligophenyl rods 33, with the biologically relevant Eisenman IV cation selectivity 
topology.126 This suggested that electron-poor, shape-persistent oligo-(p-phenylene)-N,N-
naphthalenediimides 34 (Figure 35B) could give the anion-pi slides balance. 
The electron-poor NDI has been chosen as an ideal module for the design of our 
anion-pi slides. In one hand, the DFT calculations performed by G. Bollot for the model 
compound 35 (Figure 35D) highlighted a quadrupole moment clearly positive (Qzz = +19.4 B) 
in good favour of anion-pi interactions. For comparison, hexafluorobenzene, which is known 
to form anion-pi interactions in silico, has a lower quadrupole moment (Qzz = +9.6 B).127 Thus 
NDIs are more than electron-poor compounds, they are pi-acidic. On the other hand, three 
NDI units separated by phenyl spacers are necessary to get rods with appropriate length (l = 
32.6 Å) to span common lipid bilayer membranes. 


















































































Figure 35: The concept of (A) cation-pi slides and (B) anion-pi slides in lipid bilayers for multi-ion hopping. 
Electrostatic potentials maps for (C) rigid NDI rod (mesh surface) and (D) NDI model compound (solid surface) 
in side views computed by DFT method. (color code: red = electron-rich, blue = electron-poor). 
 
The three binding sites available for the anions along the transmembrane scaffold give 
the possibility of multiion hopping, a factor enabling biological ion channels to be fast and 
selective. The tight ion binding needed for high selectivity alone would slow down the 
transport of this ion, whereas the slippery surfaces needed for fast diffusion are naturally not 
selective. That makes this phenomenon to be very special and attractive for a synthetic 
chemist. 
Multicolor oligo-(p-phenylene)-N,N-perylenediimide rods 36 and 37 were also studied 
in this work as anion-pi slides with photosynthetic activity. These rods are composed of either 
one red PDI due to ethers core substituents and of one green PDI due to amine core 
substituents (Figure 36) or two green PDI. They are separated by a phenyl spacer to achieve, 
again, the right length for hydrophobic matching with lipid bilayer membranes. The synthesis 
and photosynthetic activity of these molecules have been carried out by A. Perez-Velasco128 
and will not be discussed in this thesis. 





























































Figure 36 : The concept of rigid-rod PDI with photosynthetic activity. The anionic anchor was added to ensure 
oriented insertion in the bilayer. 
 
2 Synthesis of the monomeric naphthalenediimide rods 
 
NDI rods 45-49 were prepared from commercially available Z-protected 
ethylenediamine 38, naphthalene dianhydride 39 and aryldiamine 40 (Scheme 1). Reaction of 
dianhydride 39 with an excess of diamine 40 gave the central NDI module 42.129 In the 
original design, no methyl groups on the aryl spacers were present. But they had to be 
incorporated because the lack of solubility was hindering the synthesis. Methyl groups should 
only make minor differences on the anion-pi interaction so it has been decided to proceed with 
the fully methylated module 42. The terminal module 41 was readily accessible from 
dianhydride 40 and amine 1 in water under controlled pH.130 





























































































Scheme 1 : Synthesis of rigid-rod anion-pi slides 45-47. a) H2O, pH 6.4, reflux, 88%; b) DMAc, 135°C, 
overnight, 90%; c) DMAc, 135°C, overnight, 57%; d) TFA, pentamethylbenzene, thioanisole, HBr 5.7 M In 
AcOH, rt, 45 min, 89%; e) Boc-Gly-OH, HBTU, NEt3, DMF/DMSO 1:1, rt, 2h, 54%; f) CH2Cl2, 2% TFA, rt, 50 
min, 64% 46, 30% 47 (conversion yield). 
 
Coupling of 42 with excess of 41 afforded the desired rod 43 containing three NDI 
units. Any attempt to deprotect in mild conditions only one of the Z groups failed. Different 
CH2Cl2/TFA mixtures (10, 20, 30, 50, 70 and 100% TFA) and temperatures (rt, 30, 50, 80°C) 
were tested. No reaction was observed with TFA below 50% and temperature below 50°C. On 
the contrary, when the amount of TFA was increased over 50% and the temperature was 
raised over 50°C, full deprotection occurred. The unforeseen difficulties found in 
monodeprotecting 43 led to modification in the synthesis, delaying desymmetrization to the 
next step, where the more easily cleaved Boc group would be present. In order to optimize the 
deprotection of both Z groups, the classical hydrogenolysis catalysed by Pd(OH)2 in MeOH 
was tested without success. No deprotection was observed and the starting material was 
recovered. Finally, deprotection in harsh conditions (TFA, pentamethylbenzene, thioanisole 
and HBr in acetic acid) gave the fastest and the cleanest reaction with highest yield.  
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Diamine 44 was elongated with Boc-Gly-OH following classical procedure for peptide 
coupling to yield 45. Then, “ultramild” Boc-removal provided the unsymmetrical partially 
deprotected rod 46 as well as the fully deprotected rod 47. 
To summarize, three monomers have been synthesized: 45 is uncharged, 46 presents 
one cationic and one uncharged terminus and 47 has two cationic termini. 
 
3 Activity of monomeric naphthalenediimide rods 
 
3.1 Choice of the assay 
 
The characterization of activities through lipid bilayers is not, in general, 
straightforward and anion transport in particular is a challenging task. There are no available 
techniques to directly monitor the transport of a specific anion from the bulk solution to the 
inner pool of a vesicle. Different assays have been designed to indirectly obtain the 
information required for the characterization of transport. There are two main methods for the 
detection of transport through membranes. The first technique is conductance measurements 
on patches of synthetic or natural membranes, cells or sheets of tissue. It is highly sensitive 
and expensive so it is not the method of choice at the beginning of the characterization. The 
second technique is based on vesicles loaded with fluorescent dyes. Changes in the 
fluorescence properties of the dye produced by a variation in its environment can be 
monitored. Three dyes are typically used: a) the pair ANTS/DPX (Figure 37A) for which the 
high concentration inside the vesicles is responsible for collisional quenching. Leakage 
through the membrane thanks to the molecule of interest leads to dilution, disruption of the 
ANTS/DPX quenched complex and increase of ANTS fluorescence. b) CF (Figure 37B), 
whose fluorescence is self-quenched at high concentrations, e.g. inside the vesicles. When it 
leaks out, the concentration of the released CF in the outer buffer is lower and therefore the 
intensity of the fluorescence increases. c) HPTS, whose fluorescence is pH-sensitive as shown 
in Figure 38. At λ = 405 nm, the fluorescence decreases when the pH increases whereas at λ = 
450 nm the fluorescence increases with pH. The first two methods, due to the leakage of the 
dye itself, imply that the suprastructure responsible for the transport has a large pore size 
(inner diameter greater than the size of the dye (∅CF = 5.2 Å)131). In the case of HPTS, the 
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transport of small inorganic ions is required and enough to be monitored by fluorescence 








Figure 37 : Structure of fluorescent dyes: A) the pair ANTS/DPX, B) CF. C) Schematic representation of 






Figure 38 : A) Structure of pH sensitive dye HPTS, B) Absorption spectra depending on the pH. 
 
The HPTS assay has already been successfully used to characterize transport of ions 
and anion selectivity.132 The ratiometric changes in HPTS emission was used to follow the 
collapse of an applied pH gradient by H+/M+ or OH−/A− antiport in the presence of a pi-barrel 
with its ligand (Figure 39). It was shown that the sequence of the competitive inhibition of 
OH-influx by external anions is SO42− > NO3− > I− > Cl− > Br− > AcO− > F−.41  




















































Figure 39 : Schematic representation of NDI pi-barrel. A) Intercalation of aromatic ligands to form the opened 
channel. B) Principle of inhibition of HO− influx by anions monitored with HPTS assay. C) Sequence of 
inhibition underlined by changes of HPTS emission. 
 
In the next chapter, the properties of the NDI rods will be discussed. The property of 
interest in this work is the envisioned anion selectivity because of anion-pi interactions along 
the rigid-rod. The size of the transporting assembly is unknown. These are the reasons why 
the HPTS assay will be used to characterize the activity of rods 45-47. 
 




The HPTS assay is set up as follows: HPTS is loaded in EYPC LUVs during their 
preparation. At the beginning of the measurement, the pH outside and inside the vesicles is 
the same and fixed at 7. Then they are exposed to an external pH gradient (∆pH = + 0.9). The 
addition of rods 45-47 to that unstable system may result, if they are active, in the collapse of 
the gradient due to cation (H+/Mn+) or anion (OH−/An−) exchange through the membrane. This 
transport of ions will be responsible for a pH change in the vesicles outlined by the change of 
fluorescence of the HPTS. This modification will be the consequence of activity of the rods, 
i.e. they are inserted into the bilayer membrane and they transport ions. As a basic pH 






gradient is applied, the return to equilibrium means that the pH inside the vesicles increases. 
Therefore, the emission at λ = 405 nm will decrease and the emission at λ = 450 nm will 
increase as a function of time. At the end of the experiments, gramicidin A is added. It is a 
proton channel that allows the pH gradient to be totally collapsed. Consequently, the emission 





Rods 45-47 were studied. The changes in HPTS emission were recorded as a function 
of time. The velocity of the decay of the pH gradient was monitored following the change in 
HPTS emission. Each experiment was performed using the two excitation wavelengths 
previously mentioned in order to ratiometrically remove any eventual effects with an origin 
different to pH change. Furthermore, experiments without rods were performed as 
background to eliminate changes due to parallel processes not related to pi-slides anion 
transport. 
The dependence of the activity on the concentration of each rod was determined 
(Figure 40). These results are consistent with the structure of the rods. In fact, highest activity 
was found for the singly charged rod 46, followed by the uncharged rod 45 and the doubly 










Figure 40 :  Concentration dependence (0 to 8.33 µM) on activity of rod 45; A) initial curves (λex = 450 nm) 
after normalization, before subtraction of the background (no rod); B) curves after subtraction. C) Data at t = 500 
s plotted versus concentration and fitted to Hill equation (45: ▫, 46: ○, 47: ◊).  
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The presence of one positively charged terminus as well as one neutral terminus 
confers rod 46 a sufficient water solubility to reach the membrane along with a favored 
partitioning and translocation of the hydrophobic terminus to adopt a transmembrane active 
structure. Rod 45, with two neutral termini, outlines a lower solubility in water and thus a 
partial precipitation before reaching the membrane. Lower activity is therefore due to lower 
concentration in the membrane. In the case of dicationic rod 47, solubility problems in water 
are obviously eliminated. But translocation of hydrophilic termini through hydrophobic lipid 
bilayers is critical for the activity therefore 47, with two cationic termini, does not enter the 
membrane and is poorly active. 
The curves of the dependence of activity on concentration were fitted to the Hill 
equation (Equation 1), 
Equation 1 :  50logloglog ECncnY M −=  
 
where Y is the fractional emission, EC50 is the effective concentration to reach 50% of the 
maximum activity, cM is the concentration of rod when no supramolecular assembly is formed 
(“monomer”) and n is the Hill coefficient, representing the number of monomers needed to 
form an active supramolecule.133 The value of n is relevant only if the curve has an S-shape 
and n is greater than 1. Otherwise, the interpretation of n is different. Either the active 
structure is monomeric or the active structure is a supramolecule thermodynamically stable. In 
this case, the real value of cM in solution can not be determined, as most of the monomers are 
involved in the supramolecule, thus the concentration axis of the plot is biased and the fitting 
to the equation is wrong. For rods 45-47, the shape of the curves is pseudo-linear at low 
concentration and reaches saturation at higher concentrations, suggesting exergonic self-
assembly, i.e. ‘undetectable’ monomers and ‘detectable’, stable supramolecules. 
 
3.3 Ion selectivity 
 
In order to determine ion selectivity, small modifications on the previously used HPTS 
assay were required. The salts contained in the buffers were varied. The outside buffers were 
changed from NaCl to MCl (M = K+, Rb+, Cs+) or to NanX (X = F−, Br−, I−, NO3−, ClO4−, 
SCN−, SO42−, AcO−). Vesicles were prepared containing either NaCl or NaBr.  






The decay of a pH gradient measured in the HPTS assay can occur by facilitated 
cation (H+/Mn+) or anion (HO−/An−) exchange. The activity of rods 45-47 showed insensitivity 
to external cation exchange (Figure 41), which suggested that the slides did not transport 
cations.134 On the contrary, dramatic differences in activity were observed when various 











Figure 41 : No effect of cation on the activity of rod 45. Fractional HPTS emission (λex = 450 nm) as a function 
of time during addition of base, rod 45 then gramicidin A. 
 
But different situations occurred and it is necessary to analyze them carefully to 
explain this selectivity. 
 
3.3.1 Symmetric conditions 
 
In the case of symmetric NaCl conditions, the rationalization of the results is quite 
straightforward. Application of a base pulse before pi-slides creates the pH gradient (Scheme 
2A). Addition of the anion transporter initiates transmembrane Cl−/Cl− and Cl−/HO− antiport. 
The first one has no effect on the pH and is therefore invisible. The second dissipates the pH 
gradient by increasing the pH inside the vesicles, which is highlighted by increase of emission 
of HPTS. Addition of rods before base pulse (Scheme 2B) results in the activation of the 
invisible antiport (Cl−/Cl−, Cl−/HO−, HO−/Cl− and HO−/HO−). Productive Cl−/HO− antiport 
occurs only in response to the base pulse, e.g. creation of pH gradient, which results in pH 
increase detected as an increase of HPTS emission.  
























Scheme 2 : HPTS assay in symmetric NaCl conditions. The final situation is independent of the sequence of 
addition: A) base pulse before rod addition, B) rod addition before base pulse. In both cases, Cl−/HO− antiport is 
detected as increase of intravesicular pH. (vesicles = empty circles; transporter = filled circles; added base = 
dashed circles) 
 
The final system is identical in both cases. Nevertheless the initial velocity of the 
collapse of pH is different. It is faster in the case of the second order of addition, e.g. addition 
of rod followed by addition of base. The time available between additions allows the 
formation of the active structure which is slower than anion exchange. When the addition of 
rod occurs after addition of base, the formation of the active structure and the anion exchange 
are coupled and the initial velocity is slower. Still, after the initial fast anion exchange through 










Figure 42 : Kinetics of both systems are superimposable whatever the sequence of addition. Fractional HPTS 
emission (λex = 450 nm) as a function of time during addition of base, rod 45 then gramicidin A (dashed) or rod 




















3.3.2 Non-symmetric conditions: non-basic transported anions 
 
Once the anion transport was confirmed, it was necessary to determine the selectivity 
sequences caused by isoosmolar Cl− to An− exchange, a more complicated determination due 
to the transmembrane Cl−/An− gradients. Three processes are expected depending on the 
external anions involved in the system: 1) to be transported by the slides; 2) weakly basic or 
3) not transported. 
In the first process, it is supposed that the non-basic anions are transported by rods. At 
the initial point, a gradient Cl−/An− already exists. Then the base pulse is added and creates an 
additional pH gradient (Scheme 3A). The addition of the transporters results in the outbreak 
of Cl−/An− antiport and Cl−/HO− antiport with the concentrations of An− (100 mM) and HO− 
(pH ∼ 8) separated by three orders of magnitude. Cl−/An− antiport is thus much faster than 
Cl−/HO− antiport, even at high HO− > An− selectivity, and Cl− inside the vesicles is quickly 
replaced by An−. Now, the process taking place and seen through the HPTS assay is An−/HO− 
antiport. Considering the other order of addition (Scheme 3B), it leads to the same situation as 
the one described above. The activities observed in presence of Cl−, Br− or I− were totally 












Scheme 3 : HPTS assay with internal NaCl and external NaA. The final situation is independent of the sequence 
of addition: A) base pulse before rod addition, B) rod addition before base pulse. In both cases, A−/HO− antiport 
is detected as increase of intravesicular pH. (vesicles = empty circles; transporter = filled circles; added base = 
dashed circles, other anion gradients are in italics) 
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3.3.3 Non-symmetric conditions: weakly basic anions 
 
Particular attention is needed in the observed, in some special cases, dependence on 
the sequence of addition. F− was the most obvious example. In presence of Cl−/F− gradient, 
the initial HPTS emission was much weaker than that with other gradients. This phenomenon 
was interpreted with passive influx of HF (Scheme 4A). This can be explained by the weak 
acidity of HF (pKa = 3.16). The neutral HF exists in sufficient amount (beside excess F−) to 
cause, driven by the Cl−/F− gradient, significant influx without the corresponding efflux of 
HCl (pKa = -7). This is responsible of the decrease of the internal pH. A new pH gradient, 
reverse to the gradient caused by the base pulse, appears. This internal acidification was 
proven by the drastically reduced emission of the dye and was likewise observed with AcO− 
(pKa = 4.74) and SCN− (pKa = 0.85). Addition of rods to these acidified vesicles (Scheme 4C) 
diminished this HA-mediated pH gradient to return back to normal conditions before 
application of the base pulse. However, addition of base pulse before the rod (Scheme 4B) 
magnified the HA-mediated pH gradient: acidification inside and basification outside. So, 
addition of the slides resulted in disappearance of internal Cl− by Cl−/An− antiport as described 
previously.  


























































Scheme 4 : HPTS assay with weakly basic anions. Influx of weak acid AH (A) results in overestimation of 
A−/HO− antiport when base is added before rod (B), but the situation returns to normal conditions when rod is 
added first (C). (vesicles = empty circles; transporter = filled circles; added base = dashed circles, other anion 
gradients are in italics)  
 
But in the final system of the assay, the effective pH gradient is larger than that in the first 
process. Activities found with these weakly basic anions are thus higher than in reality. To 
conclude, the comparison of selectivity sequences is problematic for the order of addition 
‘base then rod’ due to overestimation for weakly basic anions; but it stays comparable and 
relevant for the other order ‘rod then base’, since addition of rod first results in the collapse of 
the HA-mediated pH gradient to reach normal situation. 
 
3.3.4 Non-symmetric conditions: non-transported anions 
 
In the case of the last class of anions, the non-transported anions, addition of base first 
then rod would lead to a system where the internal Cl− is not exchanged with the external An−. 
Resulting activities would thus report on Cl−/HO− antiport. They may be overestimated due to 















the accelerating effect of the additional Cl− gradient. The reverse sequence of addition would 
allow clarifying the situation. Despite the addition of transporter, Cl−/An− gradients would not 
initiate Cl−/An− antiport as An− is not transported. But it would create a Cl−/HO− antiport to 
reduce the Cl− gradient, which would then give a pH gradient. The internal pH would increase 
and this phenomenon would be detected with the increase in HPTS emission. This effect will 
be called ‘pumping’. The external pH would be slightly decreased, which could lower the 













Scheme 5 : HPTS assay with non-transported anions. Cl−/HO− antiport is reported when base pulse occurs 
before rod addition (A). If the other sequence of addition is used, underestimation may be observed because of a 
decelerating OH− gradient (B). (vesicles = empty circles; transporter = filled circles; added base = dashed circles, 
other anion gradients are in italics)  
 
3.3.5 Experimental results 
 
Once all these processes are clarified, it is at last possible to look at the experimental 
results. The selectivity topology of rigid rod 45 was as follows: AcO− ≥ F− > Cl− ≥ SO42− > 
NO3− ≥ Br− > I− > SCN− > ClO4− when base was added first (Figure 44A); it became SO42− > 
Cl− ≥ AcO− > F− > Br− > NO3− > I− > SCN− > ClO4− with the reversal sequence of addition 
(Figure 44B). Differences observed are due to the various processes described above. AcO− 
and F− dropped because they were overestimated in the first selectivity sequence as they are 
weakly basic anions. SO42− seems to be a non-transported anion as it rose in the second 
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sequence, which would mean that its activity is underestimated in the first case. Moreover, an 
increase of pH was observable before the base pulse in the second case. Nevertheless these 
effects are weak so it is difficult to be 100% affirmative.  
Additionally, the halide VII sequence (F− > Cl− > Br− > I−)41,44 extracted from these 
topologies is very unusual. The activities decreased with increasing halide radius (Figure 
43A) in an opposite fashion to the common Hofmeister series I (I− > Br− > Cl− > F−) for which 
the sequence is dictated by dehydration energy. On the contrary, series VII is imposed by 
binding. This would mean that in the case of rod 45, the cost of dehydration (Figure 43B) of 
anion is compensated by binding to the anion-pi slide which implies, according to the 
Eisenman theory,135 strong anion-pi interactions. This interpretation is supported by the results 
for AcO−. This anion is a classical probe44 because it is large but still difficult to dehydrate. 
High activity found for AcO−/HO− exchange excludes size exclusion effects (Figure 43A) and 
confirms strong anion binding to rod 45 as origin of selectivity (Figure 43B). Besides, it is 
necessary to note that, taking into account the overestimation of activity for F−, the halide VII 










Figure 43 : Anion selectivity of rod 45 as a function of the reciprocal anion radius (A) and anion hydration 
energy (B). Three different results are shown: rod added after base pulse (●), rod added before base pulse (□) 
and rod added after base pulse with bromide vesicles (×). 
 
The magnitude of anion selectivity of rod 46 (Cl−/I− = 1.9) is reduced when compared 
to that of rod 45 (Cl−/I− = 7.6): Cl− > NO3− > Br− ≥ SO42− ≥ ClO4− ≥ F− ∼ AcO− ∼ I− > SCN− 
(Figure 44C). No effect of non-transported anion is observed. Moreover, the halide selectivity 
shifted from sequence VI to a weaker halide V (Cl− > Br− > F− > I−) or even halide IV (Cl− > 
Br− > I− > F−) given the slight overestimation of F−. These trends suggest that increasing 
proximity between rods could cause increasing selectivity but decreasing activity. Indeed, 
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compared to a transmembrane bundle of neutral rod 45, the addition of positive charges to the 
external termini would be expected to decrease the proximity of self-assembles rods 46.  
Rod 47 did not exhibit any reliable anion selectivity which can be explained with the 
presence of the two positive terminal charges. They are responsible not only for its low 
activity due to poor translocation into the bilayer membrane, but also for an additional 










Figure 44 : Anion selectivity of rod 45. Fractional HPTS emission (λex = 450 nm) as a function of time when 
base is added first (A) or rod is added first (B). The selectivity decreases in the case of rod 46 (C). With internal 
Br− (D), the selectivity is quite comparable with A) except for F− and ClO4−. 
 
The effect of the initial intervesicular anion was analyzed next. For that purpose, Br− 
replaced Cl−. Anion selectivity of rod 45 was determined by external anion exchange, like 
previously. The effective selectivity sequence observed with Br− (F− > AcO− > SO42− ≥ Cl− > 
Br− ≥ NO3− > I− > SCN− > ClO4−) was nearly identical (Figure 44D) with the sequence 
observed with internal Cl− (AcO− ≥ F− > Cl− ≥ SO42− > NO3− ≥ Br− > I− > SCN− > ClO4−). The 
independence of Cl− > Br− selectivity toward the exchange of Cl− to Br− is remarkable. It 
confirmed that the initial transmembrane gradient of Cl− or Br− has almost no responsibility 
on the rate of following An−/HO− antiport, and that the Cl−/An− or Br−/An− antiport is much 
faster because of the much higher concentration of Cl− or Br− compared to HO−. The halide 
series VII was conserved and even the magnitude of selectivity in the halide sequence was 
similar in both cases. F− was the exception with minor differences which are justified with the 
complexity of the situation of weakly basic anions.  
 
RESULTS AND DISCUSSION  Naphthalenediimide and perylenediimide rods 
 53 
3.4 Anomalous mole fraction effect 
 
3.4.1 Definition of AMFE 
 
The Anomalous Mole Fraction Effect (AMFE) is a phenomenon observed for many 
biological channels. It has been identified for many anion channels including the cystic 
fibrosis transmembrane conductance regulator (CFTR) chloride channel,136 the voltage-
dependent chloride channel ClC-0,137 Ca2+-activated chloride channels (ClCaCs)44 and 
others.138 It is the classical test for the existence of multi-ion channel. AMFE is characterized 
by the ability of the mixture of two permeable ions to lower the activity to a value that is less 
than the activity measured with pure ions. When more than one type of ion is in the channel, a 
mutual interference occurs and results in that phenomenon.139 The mechanism of transport of 
a ‘fast’ anion and of a ‘slow’ anion is different. The ‘fast’ anion is transported fast and 
selectively thanks to the cooperativity between each binding site or hopping: when an anion 
binds to a specific site, it repels the anion located in the following site; this process occurs 
until the anion located in the last binding site is repelled and goes out of the channel. Less 
hopping and more diffusion along the pore is involved in the mechanism of the transport of 
the ‘slow’ anion. This difference of mechanism is responsible for reciprocal hindrance of the 
transport of each anion, resulting in low activity. In the case of single-ion channel, the 
mechanism of transport is the same for both anions that do not interfere on each other; no 




Rod 45 was expected to exhibit AMFE due to the presence of multiple binding sites in 
its structure. In order to determine this effect, the HPTS assay was used with an external 
buffer containing a mixture of two anions. The mole fraction of each anion varied from 0 to 1. 
Three pairs were studied (Cl−/ClO4−; Cl−/I−; Br−/I−) with vesicles containing either Cl− or Br−. 
Cl−/I− was the first pair of interest, mixing one fast anion (Cl−) with one slow (I−). The activity 
of the mixtures was lower than in the case of linear variation, which is typical AMFE (Figure 
45A). It indicated that the transport of these two anions is competitive. In other words, this is 
RESULTS AND DISCUSSION  Naphthalenediimide and perylenediimide rods 
 54 
A B C D
the evidence that multi-ion hopping takes place along rod 45. Similar effects were also 
observed with the pair Br−/I− with vesicles containing Br− (Figure 45C) even if it was less 
expected as the discrimination between Br− and I− is weaker (Cl−/I− = 5.0; Br−/I− = 3.0). 
Furthermore, AMFE was detectable as well with the pair Cl−/I− in presence of bromide 
vesicles in spite of a less pronounced effect (Figure 45D). 
On contrary, the pair Cl−/ClO4− exhibited linear changes (Figure 45B), e.g. perfect 
additivity. As ClO4− is almost not transported by 45, the exchange monitored during the 
experiments is most likely Cl−/OH− antiport and not ClO4−/OH− antiport. Thus the activity 










Figure 45 : Mole fraction behavior of rod 45 (expected if no effect, dotted; found, solid). Fractional activity Y 
for Cl−/I− with vesicles containing Cl− (A), Cl−/ClO4− in the same conditions (B), and for Br−/I− (C) and Cl−/I− 
(D) with intravesicular Br−.  
 
4 Synthesis of dimeric naphthalenediimide rods 
 
It was shown in the previous chapter (3.3) that proximity between rods in the 
supramolecular assembly may play an important role for selectivity. Rod 46, with one 
positively charged terminus, is more active but less selective than rod 45 with two neutral 
termini. We hypothesized that the distance between two rods 46, bigger than between two 
rods 45 due to the repulsion of the positive charges, may be the source of anion selectivity.  
In order to study the effect of lateral proximity of self-assembled rods on anion 
selectivity, dimeric rods were synthesized (Scheme 6).  



























































































Scheme 6 : a) 1. 48, oxalylchloride, 2. N-hydroxysuccinimide, 3. 46, NEt3, 0 to 20ºC, 20 min, 36%. b) TFA, rt, 2 
h, 79%.  
 
The synthesis of rod dimers is straight forward. Coupling of the previously 
synthesized rod 46 with activated diacid 48 yielded 49. Deprotection of both Boc groups in 
the presence of TFA provided us dicationic dimer 50. Dimers 49 and 50 correspond to two 
parallel rods 45 and rods 46 respectively; but in these cases, the distance between the rods is 
controlled and fixed by the PEG-like linker. 
 
5 Activity of dimeric naphthalenediimide rods 
 
By using a water-soluble linker based on ethyleneglycol, we thought that the solubility 
of the dimers 49 and 50 would be greater in water than that of rods 45 and 46, which would 
then increase the partitioning into the membrane and enhance the activity of the slide. 
Moreover, the presence of that covalent linker was expected to induce preorganisation of the 
supramolecular assembly and control the distance between rods, resulting in higher 
selectivity. 
RESULTS AND DISCUSSION  Naphthalenediimide and perylenediimide rods 
 56 
 
5.1 Concentration dependence of transport activity 
 
As for the rods 45-47 the dependence of concentration of rods 49 and 50 on transport 
activity was determined with the HPTS assay. Unexpectedly, the activity of neutral 49 was 
lower than that of the neutal monomeric rod 45 (Figure 46), suggesting that 49 was even less 
soluble in water than 45, resulting in partial precipitation before partitioning into the 
membrane and therefore lowering the concentration of active structure in the bilayer. The 
activity of doubly charged 50 was the weakest observed with NDI rods (Figure 46). It was 
surprising since rod 46, with one neutral and one cationic terminus, was the most active. 50 
was synthesized to be, in the hairpin conformation, the covalent entity of 46: the 
oligoethyleneglycol linker corresponding to the neutral terminus and still the positively 
charges at the other side, staying at the outer surface of the membrane. This poor activity was 
the evidence for an unfavored translocation of the hydrophilic linker through the membrane 










Figure 46 : Hill plot of rods 45 (◊), 46 (○), 47 (□), 49 (●) and 50 (■). The dependence of the fractional activity 
on monomer concentration was determined with HPTS assay. Data at t = 500 s were plotted versus concentration 
and fitted to Hill equation. Activity of 49 is lower than that of 45 and activity of 50 is the weakest. 
 
As well as for rods 8-10, the data did not present the S-shaped curves typical of 
endergonic, unstable self-assemblies, i.e. ‘detectable’ monomers and ‘undetectable’ 
supramolecules. The active suprastuctures in charge of activity and selectivity are, once more, 
thermodynamically stable. Thus curve fit to Hill equation is not suitable and the value of Hill 
coefficient n meaningless.  
 






















5.2 Ion selectivity 
 
As previously shown, the activity of 50 is very poor. In fact, it is so low that no 
valuable information could be obtained to determine its anion selectivity. Dimer 49 was 
characterized by using the HPTS assay in the same conditions used for rods 45-47. It was 
observed, as for slides 45-47, that the activity is not dependent on cations. But contrary to its 
poor activity, rod 49 exhibited very good anion selectivity: SO42− > Cl− > F− > NO3− ≥ AcO− ≥ 










Figure 47 : Anion selectivity of rods 45 (A) and 49 (B) in similar conditions, e.g. fractional emission intensity of 
HPTS as a function of time during addition of base before slides. 
 
Compared to the selectivity sequence of slide 45, the most astonishing difference was 
the weak activity observed for F−, AcO− and particularly Br−. Taking into account the 
overestimation for F− due to HF-mediated pH gradient (Scheme 4), slide 49 turned out to be 
very selective for chloride (Figure 48). The resulting halide sequence (Cl− ≥ F− >> Br− ∼ I−) is 
comparable to the halide VI (Cl− > F− > Br− > I−). Particularly interesting is the fact that F− 
and AcO− presented identical activities. Considering the difference in radius of these two 
anions, we can conclude that size has a very low contribution to anion selectivity. The 
selectivity would be mainly energetic. It would suggest that anion binding along dimeric 49 is 
slightly weaker than along the monomeric rod 45. Indeed, pi-slide 45 exhibited halide 
sequence VII which is dictated only by binding, implying strong binding along the rod to 
balance the cost of dehydration of anion. Going from sequence VII to sequence I, the 
selectivity is imposed less and less by binding and more and more by dehydration energy. 
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Thus, it means that binding of anions to pi-slide 49, with its sequence VI, is faintly poorer than 










Figure 48 : Anion selectivity of rod 45 (●) and rod 49 (×) as a function of the reciprocal anion radius (A) and 
anion hydration energy (B). 
 
Finally, these results confirmed the idea presented in chapter 3.3, that an increased 
proximity of rods in the membrane was responsible for a higher selectivity (49 > 45 > 46). 
The comparison of the three slides highlights that the distance between rods 46 is longer than 
between rods 45 because of the additional positive charge, whereas rods of dimeric 49 should 
be closer due to the presence of a covalent linker quite short. Furthermore, the coincidence of 
increased selectivity with decreased activity (46 > 45 > 49) is a surprising fortune since the 
difference of activity is mainly explained by solubility in water and translocation into the 
membrane.  
 
6 Synthesis of monomeric naphthalenediimide rods with solubilizing 
tail 
 
6.1 Choice of the tail 
 
As it has been shown in the previous chapters, partitioning and solubility seems to 
play a key role in transmembrane activities. In fact, a few examples of increased activity by 
incorporation of hydrophilic domains to functional supramolecules can be found in the 
literature. By doing this, solubility in water is increased, which results in lower precipitation 
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before transfer into the membrane, e.g. a better delivery, and it also directs transmembrane 
orientation and parallel self-assembly without disappearance of the compound in the 
hydrophobic core of the membrane.  
Tomich reported that the addition of four to six lysines at the N- or C- terminus of 
peptides derived from the second transmembrane segment of the glycine receptor α-subunit 
(M2GlyR) increased their solubility in aqueous solutions without altering their function as 
chloride channels.140 They proved, by using HPLC patterns and 2D TOCSY-NMR spectra, 
that stepwise addition of lysine resulted in the decrease of aggregation, the monomer specie 












Figure 49 : HPLC traces of KxM2GlyR. Simplification of the pattern following addition of lysine indicates a 
gradual shift from aggregate toward monomer. 
 
On the other hand, Voyer prepared artificial peptides containing crown ethers, 
exhibiting ion channel activity. This activity was modulated by engineering N- or C- terminus 
groups (Figure 50). Hydrophilicity of these groups enhanced membrane permeability and thus 
ion transport efficiency.141  
 












Figure 50 : Peptide structures used in Voyer’s investigations. 
 
Those results suggest that addition of a hydrophilic anchor to rod 45 should increase 
its activity and maybe its selectivity. Tri-histidine peptide sequence was chosen as 
solubilizing tail. This peptide was selected not only because of its hydrophilicity, but also for 
its ability to bind metals. It is known that histidine-rich proteins bind Cu2+, Ni2+ or Bi3+. Hpn, 
a small histidine-rich cytoplasmic protein was found to bind almost 9 Cu2+ per monomer with 
a Kd as low as 2.16 µM.142 Its affinity for Ni2+ and Zn2+ is weaker but still stable complexes 










Figure 51 : Binding of Cu2+, Ni2+, Zn2+ and Bi3+ to Hpn at pH 7.4 in the presence of appropriate amount of 
CuSO4, NiSO4, ZnSO4 and Bi(NO3)3. 
 
CD spectroscopy (Figure 52B), NMR spectra (Figure 52C) and X-ray structure (Figure 
52D) showed that even the artificial peptide 51 (Figure 52A) containing only two histidines 
exhibited a large affinity for Cu2+. The Kd is pH-dependent, following the protonation state of 
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the histidines (66 nM at pH 6 or 7, 5 nM at pH 8). The peptide 51 exhibited also affinity for 















Figure 52 : (A) Sequence of peptide 14. (B) CD spectra of 51 in the presence of increasing amount of CuSO4. 
(C) 1H NMR spectrum of 51 and on addition of CuSO4. (D) Metal coordination in Cu(II)-51. Two different 
binding sites for Cu are highlighted, both implying the two histidines of the sequence.   
 
Thus, not only the solubility effect but also metal-binding properties will be analyzed 
for the new rod. Actually, by varying the amount of metal, it may be possible to control the 
size of the supramolecule responsible for transport thus to tune the activity and selectivity at 
will. The activity would be lower at concentrations of metal lower than the Kd (small 
aggregates) and would increase with the concentration of metal to either reach saturation or a 
maximum (largest aggregates) before it decreases again (smaller aggregates) (Figure 53). The 
selectivity would vary depending on the tightness of the aggregates and prediction would be 
pure speculation.  





















































































Figure 53 : Schematic representation of formation of aggregates of rod with solubilizing tail, in membrane, 




First of all, the synthesis of the hydrophilic tail is achieved by a coupling/deprotection 
sequence, classical for peptide synthesis, of C-terminus glycine with three Fmoc- and Trt-
protected histidines. Reaction of the free N-terminus of tetrapeptide 59 with succinic 













Scheme 7 : Synthesis of the solubilizing tail 61. a) , HBTU, NEt3, CH2Cl2, rt, 1h, 79 to 89%; b) DMF, 5% 
piperidine, rt, 15 min, 91 to 95%; c) 23, THF, rt, 1h, 78%. 
 




The following steps describe the synthesis of the new NDI rod. This molecule is new 
in the sense that the final protecting group is different. Actually, both the Boc protecting 
group used for the previous rods 45-49 and trityls used for the histidines are acid cleavable. 
Thus, the final deprotection to remove trityls of the histidines would also drive to the 
deprotection of the Boc protecting group of the rod, i.e. a positively charged terminus. 
However, it was necessary to keep the neutral terminus in order to favor translocation of the 
rod into the membrane and therefore Fmoc group was chosen. It is orthogonal with trityls as it 
is base-cleavable. Moreover its hydrophobicity will allow easier translocation of the rod into 
the membrane with enhanced orientation: the hydrophilic tail is expected to stay at the outer 









Figure 54 : Schematic representation of the rod into the lipid bilayer, with the flexible hydrophilic tail (∼) at the 
outer surface of the membrane and the hydrophobic Fmoc group (●) at the inner surface.  
 
The synthesis started with the previously obtained rod 44 which was coupled with 
both Fmoc protected and Boc protected glycine to afford a statistical mixture of three 
inseparable compounds: the twice Fmoc protected rod 63, the already synthesized 45 with two 
Boc groups and the desired non-symmetric rod 62 with one Fmoc and one Boc group in a 
1:1:2 ratio. This mixture was deprotected with TFA to remove Boc groups while preserving 
the Fmoc groups and yielded to the fully deprotected rod 47 studied in chapter 3, the 
unreacted 63 with two Fmoc and the Fmoc-monoprotected 64 necessary for this synthesis 
(Scheme 8). 


















































































































































Scheme 8 : Synthesis of rod 64. a) Boc-Gly-OH/Fmoc-Gly-OH 1:1, HBTU, NEt3, DMF, rt, 1h, 60% (total 
yield); g) CH2Cl2/TFA 1:1, rt, 1h, 85% 47, 99% 63, 95% 64. 
 
Finally, coupling between rod 64 and tetrapeptide 61 followed by acid deprotection of 











Scheme 9 : Synthesis of rod 66 with solubilizing tail. a) HBTU, NEt3, DMF, rt, 75 min, 57%; b) CH2Cl2/TFA 
1:1, rt, 90 min, 98%. 
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7 Activity of the anchored rod 
 
7.1 Concentration dependence on transport activity 
 
The activity of the rod 66 with a hydrophilic anchor was determined under the 
conditions developed for rods 45-50. If the introduction of the linker induced an important 
decrease of activity between rod 45 and its dimer 49, introduction of the hydrophilic tail in 









Figure 55 : Hill plot of slides 45 (◊), 46 (□) and 66 (○). The dependence of the fractional activity on monomer 
concentration was determined with HPTS assay. Data at t = 500 s were plotted versus concentration and fitted to 
Hill equation 
 
Saturation of the activity at 100% instead of ∼40% in the cases of rods 45 and 46 
underlined an improved delivery from the aqueous solution to the bilayer membrane due to a 
faultless solubility in water, which was the reason of poor activity for the other rods. It proved 
that the solubilizing tail concept worked perfectly in our case.  
Once again, fitting of the data points with the Hill equation was consistent with an 
exergonic self-assembly, i.e. the supramolecular structure is more ‘detectable’ because it is 
thermodynamically more stable than the monomer. 
 
7.2 Ion selectivity 
 
This impressive increase of activity, however, did not alter ion selectivity. Actually, 
anchored slide 66 exhibited insensitivity to external cations but sensitivity to external anions. 





















Four different systems were tested: two sequences of addition (either base pulse first then rod 
or base after rod) with two stocks of vesicles (containing NaCl or NaBr). Depending on the 
sequence of addition the results were totally different. So they will be analyzed separately. 
 
7.2.1 First sequence of addition: base then slide 
 
First of all, the sequence ‘base pulse before rod’ was considered. In that case, the 
phenomena observed with rod 66 were comparable with previous measurements. The activity 
changed depending on the external anion. With NaCl vesicles the selectivity sequence was as 
follows (Figure 56A): NO3− ≥ SO42− > Cl− ∼ Br− ∼ ClO4− ∼ SCN− > I− > AcO− > F−. With 
NaBr vesicles, the sequence is identical, but the selectivity is enhanced (Figure 56B): NO3− ∼ 
SO42− ∼ Cl− > Br− ≥ ClO4− > SCN− > I− > AcO− > F−. A halide topology IV (Cl− > Br− > I− > 
F−) was extracted from these sequences, which is nearly similar to halide V (Cl− > Br− > F− > 
I−) of cationic rod 46. This anion selectivity was, as shown previously, an evidence for tight 











Figure 56 : Anion selectivity of pi-slide 66 with NaCl (A) or NaBr vesicles (B), fractional emission intensity of 
HPTS as a function of time during addition of base before rod. 
 
7.2.2 Second sequence of addition: rod then base pulse 
 
The most surprising and interesting effect occurred during this run of experiments. 
Usually, in ion selectivity HPTS assays, the decay of an applied pH gradient is followed. 


















First, addition of rod is responsible for the invisible Cl−/A− (or Br−/A−) antiport then A−/HO− 
antiport is recorded as response to the base pulse (Scheme 10A). In this case, another 
phenomenon was noticed. After addition of rod 66, the formation of a pH gradient occurred in 
the presence of specific anions. A plausible explanation for this behavior is that these anions 
are not transported through the membrane. Thus, Cl−/A− can not take place and Cl−/HO− 
antiport appears to compensate the Cl− gradient. This resulted in the creation of a pH gradient 












Scheme 10 : Schematic representation of HPTS assay in case of transported anions (A) and for pumping (non-
transported anions, B). (vesicles = empty circles; transporter = filled circles; added base = dashed circles; other 
gradients are in italics) 
 
Different to the other rods analyzed until now, slide 66 has shown a noteworthy anion 
pumping activity. Rod 66 is impermeable to SO42− > NO3− > SCN− > ClO4−. This drove us to 
two conclusions. First, the benefit from the solubilizing tail leads not only a dramatically 
increased activity but also an advanced function that requires high selectivity to work and 
significant activity to be detectable. Second, this allows refining the conclusions about the 
selectivity of rods 45-49. It is clear that SCN− and ClO4− are hardly transported, even if not 
identified as non-transported anions. The case of SO42− was unclear for rod 45 since pumping 
effect was weak but in the light of these results, it becomes obvious that it was a non-
transported anion. Thus we can conclude that SO42− and NO3− are non-transported anions in 
all cases and pumping is not observed due to the low Cl−/HO− transport activity. 















Figure 57 : Anion pumping of pi-slide 66. Fractional emission of HPTS as a function of time during addition of 
66 in the absence of pH gradient. Formation of a pH gradient is detected instead of decay of pH gradient with the 
classical HPTS assay.  
 
7.3 Anomalous mole fraction effect 
 
Anomalous Mole Fraction Effect, e.g. underadditive activity with mixture of anions, 









Figure 58 : Mole fraction behavior of rod 66 (expected if no effect, dotted; found, solid). Fractional activity for 
Cl−/I− with vesicles containing NaBr. 
 
The pair Cl−/I− was tested in spite of a low selectivity (Cl−/I− = 1.5) and exhibited a 
non-linear behavior. This AMFE is again an evidence for multi-ion hopping along the rod 66.  
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7.4 Metal-binding and effect on activity and selectivity 
 
Once the positive effects of the solubilizing tail have been demonstrated on activity 
and selectivity of slide 66, i.e. activity reaching 100% and pumping effect, we decided to 
investigate the impact of metal-binding on the behavior of rod 66.  
Copper was considered as the most promising metal and was tested first. The HPTS 
assay was used with an outside buffer containing CuCl2. Various concentrations of copper 
were used (0 to 120 µM) with three different concentrations of 66 (0.25 µM, low activity 
without copper; 1 µM, medium activity and 2.5 µM, high activity). Nevertheless no effect 
was observed regardless of the concentration of copper or rod 66. Two explanations are 
available for these results. The first possibility is that the concentration of copper is below the 
binding constant, so the concentration is too low to give any effect on aggregation and then on 
activity. An assumption that could not de tested as it is not possible to increase copper 
concentration without decrease of pH because of precipitation of copper hydroxide. The 
decrease of pH could allow increasing the copper concentration, however, HPTS assay 
requires working at pH around 7 (pKaHPTS = 7.4), thus change of pH is unconceivable. CuF2 in 
NaF buffer was also tested with the same problems of precipitation and without further 
results. The second possible explanation is that slide 66 is already highly aggregated in 
membranes and the activity does not change in spite of addition of copper.  
Other metals were used to avoid precipitation. With nickel and zinc, it was possible to 
work with concentration as high as 1 mM (10 times higher than with copper). But under these 
conditions, no change of activity was observed. Further increase of concentration of metal 
destabilized the vesicles. So it was concluded that most probably slide 66 forms large 
assemblies in membranes without metal and further aggregation due to the presence of metal 
does not affect the activity which is already very high.  
 
8 Perylenediimide rods with solubilizing anchor 
 
Two other rods were synthesized in our laboratory based on perylenediimides in order 
to provide anion pi-slides with photoactivity which is impossible with NDI rods because of 
synthetic reasons while oligo (p-phenylene)-N,N-perylenediimides rods were accessible. The 
rods consist of two PDI units separated by one phenyl ring and triglutamic acids as tailoring 













































anchor. The two rods differ in the structure of one PDI. Slide 36 is made of two green-due to 
amine substitution on the core-PDIs (Figure 59). Slide 37 is made of one green PDI and one 


















Figure 59 : Chemical structures of PDI rods 36 and 37. 
 
Activity and anion selectivity of PDI rods 36 and 37 were evaluated with HPTS assay 
developed for analysis of NDI rods 45-47, 49, 50 and 66.  
 
8.1 Concentration dependence on activity of perylenediimide slides 
 
As NDI pi-slide with solubilizing tail 66 exhibited very high activity compared to other 
NDI rods, we predicted that PDI slides 36 and 37 would also exhibit high activity. PDI rods 
36 and 37 showed a relatively high activity although slightly lower than that of NDI rod 66 
(Figure 60), presumably because of a lower solubility resulting in higher precipitation in 
water before reaching the membrane and then lower incorporation into bilayers. 37 presents, 
as core substitution of red PDI, two 3,5-ditertbutyl-phenols (Figure 59) which are clearly 
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A B
hydrophobic. Thus 37 has a poorer solubility in water than 36 and it explains why 36, without 
these groups, displayed higher activity than 37. Moreover, the initial kinetics were much 










Figure 60 : Hill plot of slides 66 (◊), 36 (□) and 37 (○). The dependence of the fractional activity on monomer 











Figure 61 : Concentration dependence on activity of A) rod 36 (0.2 to 10 µM); B) rod 37 (0.24 to 6 µM). 
Fractional emission of HPTS as a function of time during addition of base pulse, rod and gramicidin A. The 
curves were recorded at λex = 450 nm. Baseline (without rod) was recorded in the same conditions and subtracted 
from the original curves. 
 
8.2 Ion selectivity 
 
In the case of PDI rods, only one sequence of addition is available, rod first then base. 
This is due to the absorption spectra of 36 (Figure 62A) and 37 (Figure 62B) which show an 
absorption at 450 nm which is the wavelength of work for HPTS assay. Thus addition of PDI 
slides is responsible for changes in HPTS emission not related to a pH variation. This effect 
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can be eliminated with normalization but only when rods are added before base. If base is 
added first, it is not possible anymore to quantify this effect without calibration curve and to 








Figure 62 : Emission (dotted), excitation (solid) and absorption (red dashed) of PDI rods 36 (λex = 700 nm, λem 
= 765 nm) (A) and 37 (λex = 551 nm, λem = 765 nm) (B). 
 
Under these conditions, with the high activity exhibited by PDI rods, it is possible to 
envision a pumping effect like in the case of NDI rod 66, because of non-transported anions. 
This effect is seen before addition of base pulse. Addition of rod on a system with non-
transported external anion drives through the increase of internal buffer because of the 
apparition of Cl−/HO− antiport instead of the invisible Cl−/A− antiport, which does not occur 
as A− is not transported. Cl− is replaced by HO− responsible for the increase of pH monitored 
by HPTS emission variation. It was exactly the phenomenon observed for rods 36 and 37. An 
anion selectivity sequence Cl− > SCN− > ClO4− > NO3− > SO42− with Cl− been the less 
impermeable anion was determined with internal Br− (Figure 63A), for both rods. Internal Cl− 
resulted in lower selectivity (SCN− ∼ ClO4− > NO3− ∼ SO42−). A mixture of size exclusion and 
dehydration penalty is insufficient to fully explain this selectivity. For the other anions, which 
did not display any pumping effect, additional base pulse was added to complete the classical 
HPTS assay. The poor discrimination between halides beyond F− found after addition of base 
pulse (Figure 63B) confirmed the previous interpretation.  
The significant anion selectivity was remarkable because of the anionic character of 
the anchor of 36 and 37, which should prevent any anion recognition. Thus it emphasized the 
power of anion-pi interactions along PDI and NDI slides as strategy to transport anions. 





















Figure 63 : Anion transport of PDI rod 36. A) Pumping effect. Change in HPTS emission as a function of time 
during addition of rod 36 to vesicles containing Br−. B) Halide selectivity. Change in HPTS emission as a 
function of time during addition of rod 36 then base pulse to vesicles containing Cl−. 
 
9 Summary and conclusion 
 
Six rigid oligo-p-phenylene-N,N-naphthalenediimide rods were synthesized and 
analyzed to determine their possible selectivity towards anions.  
The study of the dependence of activity on concentration demonstrated that termini 
play an important role in activity. Solubility in water and in membrane as well as orientation 
of the incorporation lead the activity. Rod 46, one neutral and one positively charged terminus 
exhibited the highest activity, followed by rod 45 (two neutral termini) and dimer 49 (two 
neutral termini and one hydrophilic linker). Compounds 47 and 50 with hydrophilic termini 
were very poorly active.  
Moreover, it was shown that anion selectivity increases when activity decreases. Rod 
46, the most active, displayed a halide IV (Cl− > Br− > I− > F−) topology of selectivity (Cl−/I− 
= 1.9) while rod 45, less active, presented a rare halide VI (Cl− > F−> Br− > I−) topology 
(Cl−/I− = 7.6); dimer 49 demonstrated also a good selectivity for chloride (Cl−/I− ∼ Cl−/Br− > 
7). These trends proved that lateral rod proximity is necessary for good selectivity. 
Furthermore, transport of anions with high hydration energy is in good agreement with 
occurrence of interactions between anions and pi-acidic NDI. Besides, AMFE exhibited for 
Cl−/I− and Br−/I− pairs was evidence for multi-ion hopping. 
Finally, NDI rod 66 or PDI rods 36 and 37, with hydrophilic anchor were expected to 
exhibit higher activity thanks to better solubility. However, they demonstrated another 
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remarkable phenomenon due to impermeability to some anions (SO42−, NO3−, SCN− and 
ClO4−): pumping effect.  































Synthetic,12b),92c),144 bioengineered145 and biological146 pores are commonly used as 
sensors, an application exclusively based on pore blockage. We decided to introduce a 
multifunctional pore which will open rather than close in response to chemical stimulations. 
LHRHL β-barrel 82 (Figure 64) was designed as follows. It is known that the 
nonplanar geometry of the p-octiphenyl staves and the β-sheet conformation of the 
pentapeptide sequence make the first, the third and the fifth amino acids pointing out of the 
cylindrical self-assembly while the second and the fourth residues are directed toward the 
interior of the pore. The internal HH dyad had been used with success in previous barrels12b) 
for molecular recognition and was kept unchanged. The external triad is classically 
constituted of hydrophobic leucines to enhance affinity between pore and bilayer membrane. 
However, the anion scavenging by oligoarginines has highlighted that the hydrophilicity of 
guanidinium groups can be tuned by their counteranions.122a) These results suggested that the 
presence of arginine on the external surface of the pore (LRL triad) could allow tuning the 
solubility of the pore in water or in membrane depending on the presence or not of 
amphiphilic anions and thus its activity. The opening of the pore would therefore be 










Figure 64 : Schematic representation of LHRHL β-barrel. 




























































































































2 Synthesis of LHRHL β-barrel 
 
The synthesis of the LHRHL pentapeptide 78 was carried out in solution from C-
terminus to N-terminus, starting with amide-protected leucine 67. The N-terminus of every 
amino acid was either Fmoc (histidine 68 and leucine 76) or Z-protected (arginine 71). 
Moreover, the side chains were protected with orthogonal groups to Fmoc and Z. Trityls were 
used for histidines and Pmc for arginine 71. Conventional peptide coupling reagents 
(EDC/HOBt or HBTU) in CH2Cl2 under basic conditions (NEt3) were used for coupling steps. 
Deprotection of Fmoc was carried out using 5% piperidine in DMF at room temperature and 




















Scheme 11 : Synthesis of H-Leu-His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2 78. a) EDC•HCl, HOBt, NEt3, CH2Cl2, 
0°C to rt, overnight, 83 to 90%; b) 5% piperidine in DMF, rt, 15 min, 77 to 98%, c) Pd(OH)2/C, H2, MeOH, rt, 
2h, 78%; d) HBTU, NEt3, CH2Cl2, 0°C to rt, 1h, 73 to 77%. 
 















































































































































































































Coupling of the pentapeptide 78 with the p-octiphenyl rod 79 (previously synthesized 
in our laboratory), using HATU and NEt3 in the smallest possible volume of DMF to dissolve 
everything, yielded 80 after isolation by Sephadex LH-20 column. TFA deprotection of side 



























Scheme 12 : Synthesis of 8-LHRHL monomer 81. a) HATU, NEt3, DMF, rt, 4.5h, 10%; b) TFA, rt, 1h, 
quantitative. 
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3 Characterization of LHRHL β-barrel 
 
3.1 Principle of the analysis 
 
To study the leakage properties of artificial β-barrels, the assays of choice were EYPC 
LUVs containing ANTS/DPX or CF. Formation of pores was expected to induce leakage of 
fluorescent probes through the membrane, resulting in fluorescence increase as explained in 
Figure 37 chapter 3.1 (Naphthalenediimide and perylenediimide rods). This increase of 
fluorescence can be monitored as a function of time under addition of various compounds and 
used to quantify activity of 81. Fluorescence emission before any addition is the reference for 
no leakage. 100% leakage point will be determined by addition of detergent (Triton X): it 
destroys the vesicles and allows the dilution of dyes; the fluorophore is not quenched anymore 
and therefore the maximum fluorescence emission can be recorded. 
 
3.2 Ligand gating 
 
The envisaged property of LHRHL β-barrel was expected to be inactivity as a pore 
because of the hydrophilic outer surface provided by the charged side chains of the arginines 
that are pointing out. The barrel was expected to remain in solution rather than partitioning 
into the lipid bilayer membranes. Indeed, no activity was observed. However binding of 
amphiphilic anions to arginines (Figure 65) should convert the external polarity of the pore 
from hydrophilic to hydrophobic and ‘turn on’ the activity of the barrel by allowing partition 
into the membrane. Monitoring the activity of the pore should give the amplitude of its 
response to chemical stimulation, which is called ligand gating. The terms ‘ligand gating’, 
‘blockage’, ‘opening’ and ‘closing’ refer to barrel function without any structural implication. 
They describe increase and decrease of activity of the pore in response to anions (ligands or 
blockers). This ligand gating implies changes of interactions between pore and membrane, 
thus it differs from many biological cases in which ligand gating implies changes of pore 
conformation. 










Figure 65 : Activation of inactive pore 82 by binding of amphiphilic anions 83 to external arginines resulting in 
active pore 84 due to favorable barrel-membrane interactions. Rigid-rod β-barrels are depicted in axial view with 
β-sheets as solid (backbone) and dotted lines (hydrogen bonds; external amino acid residues, dark on white, 
internal one white on dark; single-letter abbreviation). 
 
Practically, when added to CF-loaded vesicles, the LHRHL β-barrel 82 did not 
mediate any efflux of the dye. Nevertheless subsequent addition of various anions 
(calix[4]arene 83a, fullerene 83b, pyrenebutylsulfate 83c and pyrenebutyrate 83d, Figure 66) 
resulted in rapid and concentration-dependent CF efflux (Figure 67A). Hill analysis of the 
resulting dose response curves (Figure 67B) provided the EC50 for each anion, which is the 
effective concentration responsible for 50% pore activity (Table 2). The most efficient ligand 
was by far fullerene 83b, followed by calix[4]arene 83a, pyrenebutylsulfate 83c and 
pyrenebutyrate 83d. Under the applied experimental conditions, none of the ligands were 








Figure 66 : Chemical structures of the amphiphilic ligands. 83a: calix[4]arene; 83b : fullerene; 83c : 1-
pyrenebutylsulfate; 83d : 1-pyrenebutyrate.  
 
 















Figure 67 : A) Changes in CF emission (λex = 492 nm, λem = 517 nm) in response to ligand 83d (0 to 50 µM) as 
a function of time during addition of 47 (100 nM or 0 nM (bottom line)) to CF-loaded vesicles. B) Fractional 
activity of pore as a function of concentration of fullerene 83b (×), calix[4]arene 83a (◊), pyrenebutylsulfate 83c 
() and pyrenebutyrate 83d () fit to Hill equation. 
 
Ligand EC50 (µM) 
83a 0.44 ± 0.04 
83b 10.2 ± 1.9 (nM) 
83c 3.30 ± 0.50 
83d 14.80 ± 2.40 
 
Table 2 : Effective concentrations for 50% pore activity depending on ligands. 
 
As control, the effects of amphiphilic anions on activity of pore 82 were compared to 
the effects generated on barrels having other peptidic sequences. In pore 85, the external 
arginine was replaced by hydrophobic leucine; in pore 86, the external arginine was replaced 
by leucine while another arginine replaced the first internal position instead of histidine 
(Figure 68). Pore 85 did not exhibit any ligand gating. On the contrary, pore 86 was blocked 
by ligand 83d (Figure 69). CF efflux was inactivated by internal binding of the anion. This 
observation together with ligand gating of pore 82 provided an illustration of how well the 
rational positioning of functional groups in β-barrels is functionally expressed. Pore 82 is 
ligand gated by amphiphilic anions because they bind to the external arginine and thus 
increase the hydrophobicity of the outer surface of the barrel which becomes sufficient to 
partition into bilayer membranes, mediating the formation of active pore 84. Pore 82 is 





85   83d
86 + 83d
82 + 83d + vesicles
opened by amphiphilic anions whereas pore 86 is closed. These results confirmed that ligand 
recognition takes place at the outer surface of barrel 82 and is responsible for the interactions 
between the pore and the membrane. Moreover, new addition of fresh vesicles did not result 
in further increase of fluorescence (Figure 69), meaning that once it is bound to the bilayer 
membrane, pore 84 can not permeable the new vesicles. This inability of intervesicular 









Figure 68 : Schematic representation of LHLHL β-barrel 85 and LRLHL β-barrel 86. Pore 86 is blocked by 
amphiphilic anion. Rigid-rod β-barrels are depicted in axial view with β-sheets as solid (backbone) and dotted 











Figure 69 : Changes in CF emission (λex = 492 nm, λem = 517 nm) in response to ligand 83d as a function of 
time during addition of 82 (100 nM, 83d 50 µM), 85 (1 µM, 83d 50 µM) and 86 (0.5 µM, , 83d 200 µM) to CF-
loaded vesicles. 
 
FRET experiments confirmed this interpretation as energy transfer from p-octiphenyl 
staves to BODIPY, a fluorescent probe attached to lipids12a) (located in bilayer membrane of 
the vesicles) increased with increasing concentration of ligand 83a (Figure 71). FRET 
experiments report on the average distance between donor and acceptor (10 to 100 Å). 





λex rod = 320 nm
λem rod = 380 nm
λex BODIPY = 470 nm λem BODIPY = 530 nm
BODIPY was chosen to fulfill the first condition for fluorescence resonance energy transfer 
which is λem donor ≈ λex acceptor (Figure 70). When ligand is added, LHRHL-β barrel 82 
partitions into the membrane and the second required condition is verified: both fluorophores 
are narrow in space, resulting in emission of BODIPY while p-octiphenyl staves are irradiated 
(Figure 70). In brief, FRET experiments provided structural support that ligand gating 








Figure 70 : Schematic representation of FRET experiments. When p-octiphenyl staves are irradiated, energy 










Figure 71 : Fractional activity of pore 82 (500 nM) as a function of the concentration of 83a (•, fit to Hill 




The pore 82 has shown activation in response to chemical stimulation; binding of 
amphiphilic anions to external arginine was responsible for the increase of activity (ligand 
gating) while due to the classical inner HH dyad, it is also possible to consider inactivation of 
the pore by blockage of the hole. 












active pore 84 blocked pore 87
Both polymers that were chosen for these experiments, i.e. poly-L-glutamate (pE)12b) 
and heparin, exhibited blockage ability but by different mechanisms. pE blocked the pore with 
an IC50 (inhibition concentration; concentration of blocker required for 50% blockage) 
independent of the external ligand whereas in the case of heparin, IC50 varied with the 
external ligand. The better the ligand (low EC50) the worse the blockage by heparin (high 
IC50). 
 
Blocker Ligand EC50 IC50a 
heparin 83a 0.44 ± 0.04 25 ± 3 
 83c 3.30 ± 0.50 19 ± 1 
 83d 14.80 ± 2.40 4.2 ± 0.5 
pE 83a 0.44 ± 0.04 0.042 ± 0.002 
 83c 3.30 ± 0.50 0.047 ± 0.004 
 83d 14.80 ± 2.40 0.041 ± 0.007 
 
Table 3 : Inhibition concentrations for 50% pore blockage depending on blockers and ligands. a: IC50 in nM in 
case of pE, in µM in case of heparin. 
 
This difference can be explained by the fact that heparin is oligoarginophile.122a) So it 
acted, at least partially, competitively with ligands on the outer surface of the barrel, while pE 











Figure 72 : Non-competitive blockage of active pore 84 with pE (pE, random coil; αpE, α-helix) to give 
blocked pore 87. Rigid-rod β-barrels are depicted in axial view with β-sheets as solid (backbone) and dotted 
lines (hydrogen bonds; external amino acid residues, dark on white, internal one white on dark; single-letter 
abbreviation). 
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FRET experiments gave evidence on the structural level for non-competitive blockage 
by pE. Addition of increasing amounts of pE on the opened pore by 83a resulted in blockage 
(decrease of activity) together with a constant FRET from p-octiphenyl staves to BODIPY 
(Figure 73, right) which confirmed not only the formation of blocked pore 87 as origin of the 











Figure 73 : Fractional activity of pore 82 (500 nM) as a function of the concentration of 83a (•, left, fit to Hill 
equation) and as a function of the concentration of pE (•, right, 1 µM 83a, fit to Hill equation) and BODIPY 
emission under same conditions (×). 
 
3.4 Enzyme sensing 
 
It has been previously shown that synthetic multifunctional pores are of practical use 
for detection of enzymatic reaction.147 Nevertheless, continuous detection of enzyme activity 
was problematic. Actually, that detection was based on two mechanisms: 1) The blockage of 
the pore by the substrate. A mechanism based on an enzymatic reaction should result in a 
product incapable of blocking the pore. However, once the substrate was bound within the 
pore, it proved to be less accessible by the enzymes and the reaction did not occur properly 
which prevented the opening of the pore. 2) The blockage of the pore by the product. In this 
case, there was no available fluorescence detection method for the continuous detection of 
blockage. Blockage was therefore evaluated by real-time detection, i.e. the course of the 
reaction in absence of β barrel used to determine the advancement of the reaction after regular 
periods of time. Thus continuous detection of enzymatic reaction was a great challenge for 
ligand gated LHRHL-β barrel as sensor. 







Pig Liver Esterase (PLE) was chosen because of its broad substrate specificity. The 
only required conditions are the size of the substrate which has to fit into the active site of the 








Figure 74 : Schematic representation of the active site of PLE. HL and HS are hydrophobic pockets; PB and PF 
are polar binding sites. 
 
Pyrenebutyrate methylester 88 was considered as a potential substrate of PLE. Blank 
experiments revealed that it does not bind to rod 81 and does not mediate any CF efflux, but 
the product of its esterolysis would be the ligand 83d (Figure 75). Addition of the enzyme into 
a measurement cuvette with CF-loaded vesicles, rod 81 and substrate 88 resulted in CF efflux 
depending on the amount of the PLE added. This leakage was the evidence for ‘enzyme 
gating’: hydrolysis of substrate 88 by PLE was responsible for increasing amount of 
pyrenebutyrate 83d in solution. The presence of the amphiphilic anion and rod 81 caused 
growing formation of active pore 84 and CF leakage making it possible to continuously 
follow the enzymatic reaction as a function of time by detection of increase of fluorescence 






Figure 75 : Chemical structure of pyrenebutyrate methylester 88, substrate of Pig Liver Esterase. Ligand 83d is 
product of the hydrolysis. 
 
Moreover, the linear dependence of initial velocity of CF-efflux on enzyme 
concentration suggested that this velocity reflected the initial velocity of formation of the 
product (ligand 83d), i.e. enzyme kinetics (Figure 76B). 
















Figure 76 : A) Fractional change in CF emission as a function of time during addition of rod 81 (100 nM), 
substrate 88 (600µM) and PLE (0 to 10 unit/mL) to CF-loaded vesicles. B) Initial velocity of formation of ligand 
83d as a function of enzyme concentration. 
 
These results demonstrated the practical usefulness of ligand gated LHRHL-β barrel 
for continuous fluorimetric detection of chemical processes. 
 
3.5 Contributions of ligands on pore-bilayer interactions 
 
The pH dependence on activity of rod 81 was analyzed in the presence of ligand 83c. 
CF assay was not used because of the sensitivity of its emission on pH. For these experiments, 
ANTS/DPX assay was selected. Vesicles were loaded with pH-insensitive ANTS and its 
quencher DPX. Efflux of one or both of them after pore addition resulted in increase of ANTS 
emission as a function of time. Pore 84 mediated ANTS/DPX leakage independent of pH 
between pH 4.5 and pH 10. This annihilation of pH gating was total in contrast with the 
features presented by ligand-free LHLHL-β barrel 85149 in the same conditions (Figure 77).  




























Figure 77 : pH profile of active pore 84 (1 µM rod 81, 5 µM ligand 83c, empty circles) compared to pH profile 
of pore 85 (from ref. 148).  
 
The general bell-shaped pH profiles of other rigid-rod β barrels were explained with 
Internal Charge Repulsion (ICR) model. Intermediate ICR were judged to be responsible for 
maximum activity whereas low and high ICR result respectively in implosion or explosion of 
the barrel. Maximum activity for barrel 85 was reached between pH 4.5 and pH 5, which 
corresponded to partial protonation of internal histidines (pKa = 6). In the case of barrel 82, 
with the same internal HH dyad, pH-insensitivity was unexpected. However, the phenomenon 
can be explained with the more complex ‘external membrane pressure – internal charge 
repulsion’ model (EMP-ICR).150 It was shown that at low ICR, EMP emphasized implosion 
whereas at high ICR, long range EMP-ICR interactions could prevent explosion. According to 
this model, external ligands may amplify lateral EMP, resulting in pH independence. 
 
4 Summary and conclusion 
 
LHRHL β-barrel is an innovative artificial β-barrel. In opposition to previous artificial 
multifunctional pores, the pore 82 opened rather than close in response to chemical 
stimulations. Binding of amphiphilic anions 83a-d to the external arginines governed an 
increase of activity. However, blockage was also observed in presence of polymer anions such 
as polyglutamic acid (non-competitive blocker) or heparin (competitive blocker). 
Lastly, the ligand-gating property of LHRHL β-barrel found an application in 
continuous detection of enzymatic reaction. The pore 82 allowed monitoring the esterolysis of 
88 by PLE directly on the screen of the computer. 
 














































































































































1 Naphthalenediimide and perylenediimide rods 
 
A library of six rigid oligo-p-phenylene-N,N-naphthalenediimide rods was designed 
and synthesized (Figure 78). The analysis of their anion transport activities based on HPTS 

















Figure 78 : Summary of the structures of the NDI and PDI rods presented in this manuscript. 
 
First of all, the formation of transmembrane ion transporters with concentration 
dependence on activity was demonstrated. Rod 46 possessing one neutral and one positive 
terminus had the highest activity, in front of rod 45 with two neutral termini and dimer 49 
with one hydrophilic linker and two neutral termini. Rod 47 and dimer 50 with two positive 
termini exhibited the lowest activities. These results underlined that solubility in water, due to 
charges or hydrophilic groups, is a significant, but insufficient, factor for activity. Solubility 
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in bilayer membranes is also necessary as well as orientated incorporation. Hydrophobic 
termini are helpful for that purpose. Moreover fitting of activity versus concentration using 
the Hill equation supported the formation of thermodynamically stable active suprastructures 
or less probably monomeric active structures.  
The second point concerned ion selectivity. NDI rods displayed clear anion selectivity 
with various sequences. Quite remarkably, the selectivity increases with decrease of activity. 
The most active rod 46 exhibited a relatively weak (Cl−/I− = 1.9) halide V topology (Cl− > Br− 
> F− > I−) which even turned to halide IV (Cl− > Br− > I− > F−) when systematic 
overestimation of basic anions such as F− was taken into account. The selectivity of rod 45 
was found to be more pronounced (Cl−/I− = 7.6) and surprisingly presented the rare halide VI 
topology (Cl− > F− > Br− > I−) whereas its activity was lower; Dimer 49 demonstrated 
excellent chloride selectivity (Cl−/I− ∼ Cl−/Br− > 7) in spite of the even poorer activity. These 
trends gave information on the role of proximity of transmembrane rods for selectivity. The 
distance between rods within the membrane governs both activity and selectivity. Activity 
decreases and selectivity increases with increasing lateral rod proximity which changes 
depending on the presence or absence of charges (repulsion) and linker (rapprochement). The 
transport of anions with high hydration energy implies strong binding along the slides, in 
favor of great anion-pi interactions. Moreover, the fact that F− and AcO− exhibit similar 
activity eliminates significant size exclusion effect. Nevertheless the more pronounced 
chloride selectivity of dimer 49 suggests less energetic contributions and more size exclusion 
effect (F− > AcO−). 
A further point is AMFE giving evidence of multi-ion hopping. Cl−/I− and Br−/I− 
exhibited lower activity than expected, demonstrating that I− is competitive and that more than 
one binding site is necessary for fast transport. On the contrary, ClO4− is a non-competitive 
anion and does not present any effect when mixed with Cl−. 
Another phenomenon was detected in presence of rods with hydrophilic anchor, being 
either NDI 66 or PDI 36 and 37 (Figure 78). Actually, these three slides exhibited significant 
pumping effect due to impermeability to specific anions (SO42−, NO3−, SCN− and ClO4−). The 
presence of hydrophilic tail supplied another advanced function, far from the increased 
solubility and higher activity which were expected. 
 






2 Ligand-gated multifunctional pore 
 
The response of synthetic multifunctional pores 82, 85 and 86 (Figure 79) to chemical 
stimulation such as binding of ligands 83a-d (Figure 79) at internal or external sites illustrated 
how rational design of rigid-rod β barrels plays a role in the function. Molecular recognition 
at the outer surface of the barrel 82 resulted in pore opening while host-guest chemistry with 
polyglutamic acid in the hole of the pore closed it.  
Moreover, ligand gating modulated other characteristics of the pore like inhibition of 
intervesicular transfer and of pH gating. The ligands deliver the pore irreversibly into the 
membrane and prevent explosion, usually responsible for pH sensitivity, caused by enhanced 
lateral external membrane pressure at high internal charge repulsion. 
Finally the practical usefulness of the pore for continuous detection of enzymatic 
reaction has been achieved for the first time. Hydrolysis of ester 88 (Figure 79) by PLE to 
give ligand 83d was continuously followed with help of LHRHL β-barrel. Enzyme sensing 
with other rigid-rod β barrels implied real-time detection but continuous fluorimetric 























Reagents, Solvents and Equipment 
Chemicals were purchased from Acros, Fluka or Aldrich. Amino acid derivatives, 
coupling reagents EDC, HBTU, and HOBt were purchased from Novabiochem, HATU from 
Applied BioSystems, EYPC from Avanti Polar Lipids, HPTS, ANTS and DPX from 
Molecular Probes, CF from Fluka, buffers (HEPES, MES, TES, AMPSO) and Triton X−100 
from Biochemika. Calix[4]arene were provided by the laboratory of Prof. Anthony W. 
Coleman, Institut de biologie et Chimie des Protéines, CNRS UMR 5086, France. 
Dry CH2Cl2, DMF, NEt3 and THF used for synthesis were distilled over CaH2 or dried 
by using the Solv−tek (216 Lewisville Road, Berryville VA 22611 USA) solvent purification 
system. Solvents were evaporated using a R−200 Rotavapor from Büchi, equipped with a 
vacuum controller PVK 610 from MLT Labortechnik AG and heating bath from Büchi. Water 
used was always bi-distilled. 
 
Chromatographic Methods 
Column chromatography was run on silica gel 60 (40−63 µm) from Fluka. Analytical 
thin layer chromatography (TLC) was performed on pre−coated silica gel F254 from Merck. 
Preparative thin layer chromatography (PTLC) was performed on glass plates (20 × 20 cm) 
covered with silica gel 60 F254 (0.2 mm) from Merck (for ≤ 5 mg of products) or on glass 
plates (20 × 20 cm) covered with silica gel 60 F254 (1 mm) from Analtech (for ≤ 50 mg of 
products). Size-exclusion chromatography was performed with Lipophilic Sephadex LH-20 
(25-100 µm) from Sigma-Aldrich. Abbreviation in the text: (eluent, retention factor Rf). 
UV and fluorescence were detected with an UV−lamp from CAMAG at 254 and 366 
nm respectively.  Primary amines were stained with ninhydrin (0.2 % ninhydrin in ethanol). 
Poorly UV active compounds were detected using a cesium−molybdenum staining reagent 
made of Ce(SO4)2 (2 g), H3PMo12O40 (4 g), and H2SO4 (40 g) in 160 ml of water. 
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Equipment for Product Characterization 
UV−Vis spectra were recorded on a Varian Cary Bio 1 Spectrophotometer using 
quartz cells with a pathlength of 1 cm. 
Optical rotation measurements were carried out at 20°C on a Jasco P−1030 
Polarimeter using a sodium lamp (λ = 539 nm) in water thermostatized quartz cells of 10 cm 
length. Abbreviation in the text: [α]20D = …(c = concentration in g/100 mL in solvent). 
Fourier transform infrared (FT−IR) spectra were recorded as films (ATR, Golden 
Gate) formed on a Perkin Elmer Spectrum One FT−IR spectrometer at room temperature. 
Intensities of the vibrational bands are reported as w = weak, m = medium, s = strong. 
Abbreviations in the text: IR (medium): ν (intensity) (cm−1). 
Melting points were measured on a heating microscope from Reicher (Austria) and are 
given in Celsius degrees. Abbreviation in the text: m.p.: temperature range °C. 
1H and 13C NMR spectra were recorded on Bruker 300, 400 or 500 MHz Spectrometer 
and were processed by WinNMR software. Chemical shifts δ are reported in ppm. Spin 
multiplicities are reported as singlet (s), doublet (d), triplet (t), quartet (q) or multiplet (m) and 
coupling constants are given in Hz. Resonances were assigned with the aid of 2D NMR 
spectra (COSY, HSQC, HMBC). 
ESI−MS (Electron Spray Ionization Mass Spectroscopy) was performed on a Finnigan 
MAT SQ 7000. Abbreviation in the text: MS (ESI, solvent): m/z (intensity) [interpretation]. 
Elemental analyses were carried out by Dr. H. Elder on a Vario EL from Elementa. 
Abbreviation in the text: Anal. calcd for CxHyNzOwSv•nSolvent (molecular weight) : C…(%), 
H…(%), N…(%); Found : C…(%), H…(%), N…(%). 
The system used to carry out high performance liquid chromatography (HPLC) was 
equipped with a Jasco PU−980 pump, coupled with a Jasco UV−970/Vis detector and a Jasco 
FP−920 Fluorescence detector. Spectra were evaluated using the software Borwin Version 
1.21.07 or 1.50. Columns were from YMC for normal (YMC-Pack SIL) and reverse (YMC-
ODS A) phase separation. Description in the text: (reverse phase RP-HPLC) (column, length 
× diameter, eluent, flow rate, retention time tR). 
 
Equipment Used During Experiments 
Autoclavable micropipettes calibrated for amounts 0−10 µL, 10−50 µL, 20−200 µL, 
100−1000 µL from Nichiriyo (Japan), Socorex (Switzerland), Brand (Germany) and 
Vaudoux−Eppendorf (Switzerland) were used to prepare stock solutions and to transfer 
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solutions. pH Values were determined using a Consort C832 multi−parameter analyzer, 
calibrated with Titrisol solutions from Merck at pH 4.00 and 7.00. 
Large unilamellar vesicles (LUVs) were prepared by the Mini-Extruder with 
polycarbonate membrane, pore size 100 nm, from Avanti polar lipids.  
Fluorescence spectra were recorded on either a FluoroMax 2 or FluoroMax 3 from 
Jobin Yvon-Spex equipped with an injector port, a magnetic stirrer and a temperature 
controller. Measurements were taken at 25 °C unless mentioned. Abbreviation in the text: 
Fluorescence: (λex = …. nm, λem = …. nm). 
 


















Figure 80 : Structure of peptides and protecting groups involved in the synthesis. 
 




(551.2 mg, 3.36 mmol) and 1,4,5,8-
naphthalenetetracarboxylic acid dianhydride 39 
(300 mg, 1.12 mmol) were dissolved in DMAc 
(50 ml). The reaction mixture was stirred overnight at 135°C. After cooling to rt, the solution 
was poured onto diethyl ether (200 ml). The precipitate was collected, washed with diethyl 
ether until the solid-liquid extracts were colorless, and dried under vacuum to yield pure 42 
(565 mg, 90%) as a dark brown solid. 
 TLC (CH2Cl2/acetone 4/1): Rf 0.69;  
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UV-vis (DMSO): λ (ε) 381 (21.6), 362 (20.6);  
IR: ν 3387 (w), 1704 (m), 1665 (s), 1626 (m), 1579 (m), 1448 (m), 1322 (s), 1248 (s), 1199 
(m), 850 (m), 770 (s), 667 (m);  
1H NMR (400 MHz, DMSO-d6):  δ 8.75 (s, 4H, NDI), 4.70 (s, 4H, NH), 2.07 (s, 12H, CH3), 
1.90 (s, 12H, CH3);  
13C NMR (125 MHz, DMSO-d6):  δ 162.6 (CO), 144.4 (CAr), 131.1 (CAr), 130.1 (CAr), 126.5 
(CAr), 117.4 (CAr), 14.7 (CH3), 13.8 (CH3);  
MS (ESI, DMSO): m/z 561 (100) [M + H]+. 
 
Compound 41.151  
To 100 ml of water, 1,4,5,8-naphthalenetetracarboxylic acid 
dianhydride 39 (500 mg, 1.86 mmol) and 1 M aq. KOH (10 ml) 
were added at rt. The solution was briefly stirred at rt, then pH 
was adjusted at 6.4 with 1 M aqueous H3PO4. To the resulting 
mixture, N-Z-1,2-diaminoethane hydrochloride 38 (430.1 mg, 1.86 mmol) was added, the pH 
was readjusted to 6.4 with 1 M aqueous H3PO4, and the stirred reaction mixture was refluxed 
overnight. After cooling to rt, the reaction was filtered and acetic acid was added until the 
product precipitated (~5 ml). The solid was filtered and dried under vacuum to give pure 41 
(727 mg, 88%) as a pale yellow solid.  
mp: Decomposition before melting (>200°C);  
IR: ν 3351 (m), 1712 (s), 1699 (s), 1651 (s), 1592 (m), 1444 (m), 1263 (s), 1233 (s), 1187 
(m), 767 (s), 691 (m);  
1H NMR (400 MHz, DMSO-d6): δ 8.54 (d, 3J (H,H) = 7.5 Hz, 2H, NDI), 8.17 (d, 3J (H,H) = 
7.5 Hz, 2H, NDI), 7.36-7.24 (m, 5H, Cbz-CHAr), 4.93 (s, 2H, Cbz-CH2), 4.17 (t, 3J (H,H) = 
5.8 Hz, 2H, CH2), 3.37 (t, 3J (H,H) = 5.8 Hz, 2H, CH2);  
13C NMR (125 MHz, DMSO-d6): δ 168.6 (CO), 163.1 (CO), 156.3 (CAr), 137.2 (CAr), 129.9 
(CAr), 128.9 (CAr), 128.6 (CAr), 128.2 (CAr), 127.6 (CAr), 127.1 (CAr), 125.5 (CAr), 124.5 (CAr), 
65.0 (CH2), 39.8 (CH2), 38.1 (CH2);  
MS (ESI, DMSO): m/z 485 (20) [Macid + Na]+, 480 (28) [Macid + H3O]+, 463 (92) [Macid + H]+, 









C24H16N2O7    Mol. Wt.: 444,39
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Compound 43.   
To a suspension of 41 (1.7 g, 3.83 mmol) in DMAc (50 ml), 
42 (204 mg, 0.36 mmol) was added at rt, and the reaction 
mixture was stirred overnight at 135°C. After cooling to rt, the 
solution was poured onto diethyl ether (200 ml). The 
precipitate was centrifuged and washed with diethyl ether. 
Column chromatography of the crude product (CH2Cl2/MeOH 
90/1) yielded 43 (293 mg, 57%) as a yellow solid.  
TLC (CH2Cl2/MeOH 30/1): Rf 0.55; 
mp: >360°C;  
UV-vis (CH2Cl2/1% TFA): λ (ε) 364 (86.7), 385 (109.7);   
IR: ν 3375 (w), 1706 (m), 1163 (s), 1580 (m), 1448 (m), 1331 
(s), 1245 (s), 1195 (m), 846 (m), 767 (s), 662 (m);  
1H NMR (400 MHz, CDCl3/1% TFA-d1): δ 9.03 (s, 4H, NDI), 
8.93 (d, 3J (H,H) = 7.6 Hz, 4H, NDI), 8.85 (d, 3J (H,H) = 7.6 
Hz, 4H, NDI), 7.36-7.24 (m, 10H, Cbz-CHAr), 5.08 (s, 4H, 
Cbz-CH2), 4.51 (t, 3J (H,H) = 5.5 Hz, 4H, CH2), 3.75 (t, 3J 
(H,H) = 5.5 Hz, 4H, CH2), 2.15 (s, 24H, CH3);  
13C NMR (125 MHz, CDCl3/1% TFA-d1): δ 164.3 (CO), 
163.3 (CO), 133.7 (CAr), 133.5 (CAr), 132.9 (CAr), 132.7 (CAr), 
132.3 (CAr), 128.7 (CAr), 128.7 (CAr), 128.1 (CAr), 127.8 (CAr), 
127.5 (CAr), 127.1 (CAr), 126.9 (CAr), 126.8 (CAr), 126.4 (CAr), 
















C82H60N8O16    Mol. Wt.: 1413,40
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Compound 44.   
A solution of TFA (10 mL), pentamethylbenzene (500 µL) 
and thioanisole (600 µL) was prepared. 2 mL of this solution 
was added to Z-protected 43 (300 mg, 0.21 mmol), then 80 µL 
of hydrobromic acid in acetic acid (5.7 M) were added to the 
mixture. After stirring for 45 minutes at rt, the reaction 
mixture was concentrated in vacuo and purification of the 
crude product by column chromatography (CH2Cl2/MeOH 5:1 
(0.3% Net3)) yielded pure 44 (216 mg, 89%) as a pale brown 
solid. 
TLC (CH2Cl2/MeOH 5/1): Rf 0.50;  
mp:  Decomposition before melting (>200°C);  
UV-vis (CH2Cl2/1% TFA): λ (ε) 363 (28.1), 384 (36.7);  
IR: ν 2992 (w), 1712 (m), 1667 (s), 1581 (m), 1450 (m), 1334 
(s), 1247 (s), 1190 (s), 1125 (s), 854 (m), 763 (s), 720 (m), 661 
(m);  
1H NMR (400 MHz, CDCl3/1% TFA-d1): δ 9.04 (s, 4H, NDI), 
8.98 (d, 3J (H,H) = 7.6 Hz, 4H, NDI), 8.90 (d, 3J (H,H) = 7.6 
Hz, 4H, NDI), 4.72 (t, 3J (H,H) = 5.7 Hz, 4H, CH2), 3.73 (t, 3J 




















C66H48N8O12    Mol. Wt.: 1145,13
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Compound 45.   
To a solution of 44 (222.4 mg, 0.19 mmol), Boc-Gly-OH (136 
mg, 0.77 mmol) and HBTU (589 mg, 1.55 mmol) in 
DMF/DMSO 1/1 (26 ml), NEt3 (79 µL, 0.57 mmol) was added 
dropwise at 0°C. After stirring for 3 hours in the dark, the 
mixture was poured into diethyl ether (100 ml). The resulting 
pink oily emulsion was phase-separated by centrifugation, and 
the remaining DMF and DMSO were removed under vacuum. 
The crude product was purified by column chromatography 
(CH2Cl2/MeOH 50/1 to 20/1) to yield HPLC-pure (YMC-Pack 
SIL, CH2Cl2/MeOH 95/5, 2 ml/min, tR = 8.05 min) 45 (150 
mg, 54%) as a light pink solid.   
TLC (CH2Cl2/MeOH 50/1): Rf 0.46;  
mp: >360°C;   
UV-vis (CH2Cl2): λ (ε) 361 (68.9), 382 (91.4);  
IR: ν 3406 (w), 2981 (w), 1707 (m), 1666 (s), 1581 (m), 1449 
(m), 1338 (s), 1247 (s), 1196 (m), 842 (s), 766 (s);  
1H NMR (300 MHz, CDCl3): δ 8.99 (s, 4H, NDI), 8.92 (d, 3J 
(H,H) = 7.8 Hz, 4H, NDI), 8.89 (d, 3J (H,H) = 7.8 Hz, 4H, 
NDI), 6.55 (t, 3J (H,H) = 5.2 Hz, 2H, NH), 5.00 (bs, 2H, NH), 
4.52 (t, 3J (H,H) = 4.7 Hz, 4H, CH2), 3.82 (t, 3J (H,H) = 4.7 
Hz, 4H, CH2), 3.73 (d, 3J (H,H) = 5.2 Hz, 4H, Hα), 2.19 (s, 
12H, CH3), 2.18 (s, 12H, CH3), 1.47 (s, 18H, Boc-CH3);  
MS (ESI, CH2Cl2/DMSO 50/1): m/z 1461 (100, [M + H]+), 





















C80H70N10O18    Mol. Wt.: 1459,47
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Compounds 46 and 47.   
A solution of 45 (50 mg, 0.03 
mmol) in CH2Cl2/TFA 98/2 (10 
ml) was stirred at rt until 47 
became detectable by TLC 
(CH2Cl2/MeOH 10/1). At this 
time, toluene (2mL) was added 
and solvents were removed 
under vacuum. The crude 
product was purified by column 
chromatography (CH2Cl2/MeOH 
10/1) to give HPLC-pure (YMC-
Pack SIL, CH2Cl2/MeOH 95/5, 
2 ml/min, tR = 9.68 min) 46 
(64%, conversion yield) and 
HPLC-pure (YMC-Pack ODS-
A, 250 x 10 mm, (MeCN + 1% 
TFA)/H2O 98/2, 2 ml/min, tR = 
11.43 min) 47 (30%, conversion 
yield) as light pink solids.   
46:   
TLC (CH2Cl2/MeOH 10/1): Rf 
0.22;  
mp: >360°C;  
1H NMR (300 MHz, 
CDCl3/CD3OD 6/1): δ 8.94 (s, 
4H, NDI), 8.87 (d, 3J (H,H) = 7.8 Hz, 4H, NDI), 8.83 (d, 3J (H,H) = 7.8 Hz, 4H, NDI), 4.43 (t, 
3J (H,H) = 4.9 Hz, 4H, CH2), 3.71 (t, 3J (H,H) = 4.9 Hz, 4H, CH2), 3.64 (s, 2H, Hα), 3.61 (s, 
2H, Hα), 2.14 (s, 24H, CH3), 1.41 (s, 9H, Boc-CH3);   
MS (ESI, CH2Cl2/MeOH 6/1): m/z 1361 (6, [M + H]+), 1260 (13, [M - Boc + H]+), 630 (100, 
[M - Boc + 2H]2+).   
47:   
TLC (CH2Cl2/MeOH 10/1): Rf 0.03;  



































C70H54N10O14    Mol. Wt.: 1259,24
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UV-vis (CH2Cl2/MeOH 6/1): λ (ε) 365 (64.8), 386 (83.6);  
1H NMR (300 MHz, CDCl3/CD3OD 6/1): δ 9.07 (s, 4H, NDI), 9.00 (d, 3J (H,H) = 7.4 Hz, 4H, 
NDI), 8.93 (d, 3J (H,H) = 7.5 Hz, 4H, NDI), 4.61-4.58 (m, 4H, CH2), 4.11-4.08 (m, 4H, CH2), 
3.90 (s, 2H, Hα), 3.64 (s, 2H, Hα), 2.19 (s, 12H, CH3), 2.17 (s, 12H, CH3);  
MS (ESI, CH2Cl2/MeOH 6/1): m/z 1260 (15, [M + H]+, 630 (100, [M - Boc + 2H]2+). 
 
Compound 49.152   
A solution of 3,6,9-trioxaundecanedioic acid 48 
(66.6 mg, 0.3 mmol) in dry CH2Cl2 (2 ml) was 
cooled to 0 °C. Oxalyl chloride solution (2 M in 
CH2Cl2, 0.9 ml, 1.8 mmol) was added to the 
mixture, followed by one drop of dry DMF. After 5 
minutes the reaction mixture was allowed to warm 
up to room temperature and stirred for 1 hour. The 
solvent was evaporated and the resulting solid 
dissolved in dry CH2Cl2 that was subsequently 
evaporated. This process was repeated twice. The 
obtained crude acid chloride was used without 
further purification. N-Hydroxysuccinimide (76 mg, 
0.66 mmol) was dissolved in toluene (2 ml) that was 
subsequently evaporated. This process was repeated 
3 times. The dried N-hydroxysuccinimide was 
dissolved in dry THF (1 ml), and the solution was 
cooled to –10 °C. Onto this solution, another 
solution of the previously synthesized acid chloride 
dissolved in CH2Cl2 (2 ml) was added and 
subsequently pyridine (53 µL, 0.66 mmol). The 
reaction was allowed to warm up to room 
temperature and stirred for 2 hours. 37 µl of the 
obtained reaction mixture (0.1 mmol/ml of activated 
ester, 3.70 µmol) was added slowly to a solution of 
46 (10 mg, 7.36 µmol) and NEt3 (4 µl) in dry DMF (150 µl) at 0°C. The reaction mixture was 









































C158H134N20O37    Mol. Wt.: 2904,87
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of the solvents, the crude mixture was purified by PTLC (CH2Cl2/MeOH 10/1) to yield 
HPLC-pure (YMC-Pack SIL, CH2Cl2/MeOH 97/3, 2 ml/min, tR = 9.86 min) 49 (7.5 mg, 35%) 
as a light pink solid.   
TLC (CH2Cl2/MeOH 10/1): Rf 0.30;  
1H NMR (300 MHz, CDCl3/MeOD 6/1): δ 8.94 (s, 8 H, NDI), 8.87 (d, 3J (H,H) = 7.6 Hz, 8 
H), 8.84 (d, 3J (H,H) = 7.9 Hz, 8 H, NDI), 4.50-4.35 (m, 8 H, CH2), 4.12-4.01 (m, 4 H, CH2), 
3.84-3.78 (m, 4 H, CH2), 3.77-3.59 (m, 20 H, CH2), 2.14 (s, 48 H, CH3), 1.41 (s, 18 H, Boc-
CH3);  
MS (ESI, MeCN): m/z 1453.4 (35) [M + 2H]2+, 1475.9 (100) [M + Na + H]2+. 
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Compound 50.   
A solution of 49 (6.0 mg) in a 1:1 TFA/CH2Cl2 
mixture (2 ml) was stirred for one hour at room 
temperature. Solvents were evaporated under reduced 
pressure. Impurities were removed by solid-liquid 
extraction (2x ether, 2x hexane) to yield HPLC-pure 
(YMC-Pack ODS-A, 250 x 10 mm, MeCN + 1% 
TFA, 2 ml/min, tR = 11.39 min) 51 (4.4 mg, 79%) as a 
brown solid.  
UV-vis (CH2Cl2/10% TFA): λ (ε) 359 (143), 380 
(188);   
1H NMR (300 MHz, CDCl3/10% TFA-d): δ 9.06 (s, 8 
H, NDI), 9.02-8.84 (m, 16 H, NDI), 4.67-4.49 (m, 8 
H, CH2), 4.31-4.19 (m, 4 H, CH2), 4.13-4.01 (m, 4 H, 





















































C148H118N20O33    Mol. Wt.: 2704,63
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Fmoc-His(Trt)-Gly-NH2 54.  
HBTU (835 mg, 2.2 mmol), Fmoc-His(Trt)-OH 53 
(800 mg, 1.3 mmol) and NEt3 (0.6 ml, 2.2 mmol) were 
added to a solution of H-Gly-NH2•HCl 52 (171.4 mg, 
1.5 mmol) in CH2Cl2 (100 ml) at 0 °C. After stirring 
for 1 hour in the dark at rt, the reaction mixture was 
diluted with CH2Cl2, extracted with saturated aqueous 
NaHCO3, washed with brine, extracted with 1 M 
aqueous KHSO4, washed with brine, dried over anhydrous Na2SO4, and concentrated in 
vacuo. Purification of the crude product by column chromatography (CH2Cl2/MeOH 15:1) 
yielded pure Fmoc-His(Trt)-Gly-NH2 54 (725 mg, 83 %) as a colorless powder.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.22;  
[α]20D = - 84.7 (c = 1.00 in MeOH);  
mp : 115 - 116 °C;  
IR: ν  3057 (w), 2955 (m), 1667 (m), 1493 (m), 1445 (s), 1236 (m), 1035 (m), 739 (s), 700 
(s);  
1H NMR (400 MHz, CDCl3): δ 7.77 (d, 3J (H,H) = 7.3 Hz, 2H, Fmoc-HAr), 7.42 (d, 3J (H,H) 
= 7.3 Hz, 2H, Fmoc-HAr), 7.38 - 7.21 (m, 14H, Fmoc-HAr, His-H, Trt), 7.10 - 7.05 (m, 6H, 
Trt), 6.92 (s, 1H, His-H), 4.48-4.33 (m, 3H, His-Hα, Fmoc-CH, Fmoc-CH2), 4.22 (t, 3J (H,H) 
= 7.2 Hz, 1H, Fmoc-CH2), 4.06 (dd, 2J (H,H) = 16.5 Hz, 3J (H,H) = 5.7 Hz, 1H, Gly-Hα), 3.83 
(dd, 2J (H,H) = 16.5 Hz, 3J (H,H) = 5.4 Hz, 1H, Gly-Hα), 3.13 (dd, 2J (H,H) = 14.9 Hz, 3J 
(H,H) = 4.4 Hz, 1H, His-Hβ), 3.02 (dd, 2J (H,H) = 14.9 Hz, 3J (H,H) = 6.1 Hz, 1H, His-Hβ);  
13C NMR (125 MHz, CDCl3): δ  172.7 (CO), 172.0 (CO), 143.8 (Trt-CAr), 142.3 (Trt-CAr), 
141.5 (s), 138.9 (His-C), 137.8 (His-C), 129.9 (Trt-CAr), 128.5 (Trt-CAr), 128.4 (Fmoc-CHAr), 
128.0 (Fmoc-CHAr), 127.3 (Fmoc-CHAr), 125.3 (Fmoc-CHAr) 120.3 (His-CH, Fmoc-CHAr, 
Fmoc-C), 75.7 (Trt-C), 67.4 (Fmoc-CH2), 55.5 (His-Cα), 47.4 (Fmoc-CH), 43.4 (Gly-Cα), 
30.6 (His-Cβ);  












C42H37N5O4    Mol. Wt.: 675,77
EXPERIMENTAL SECTION  Synthesis 
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H-His(Trt)-Gly-NH2 55.  
A solution of Fmoc-His(Trt)-Gly-NH2 54 (1 g, 1.5 mmol) in 
10 ml DMF containing 5 % piperidine was stirred for 15 min 
at rt. Concentration in vacuo and purification of the crude 
product by column chromatography (CH2Cl2/MeOH 10:1 
(0.4% NEt3)) yielded pure H-His(Trt)-Gly-NH2 55 (615 mg, 
92 %) as a colorless powder.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.09; 
[α]20D = -55.4 (c = 1.00 in MeOH);  
mp : 77 - 78 °C;  
IR: ν  3299 (m), 3051 (m), 2921 (m), 1661 (s), 1491 (m), 1444 (m), 1235 (m), 1157 (m), 1130 
(m), 747 (s), 699 (s);  
1H NMR (400 MHz, CD3OD): δ 7.39-7.31 (m, 10 H, His-H, Trt), 7.16-7.11 (m, 6H, Trt), 6.93 
(s, 1H, His-H), 3.84 (d, 2J (H,H) = 17.1 Hz, 1H, Gly-Hα), 3.76 (d, 2J (H,H) = 17.1 Hz, 1H, 
Gly-Hα), 3.59 (t, 3J (H,H) = 6.0 Hz, 1H, His-Hα), 2.86 (t, 3J (H,H) = 6.0 Hz, 2H, His-Hβ);  
13C NMR (125 MHz, CD3OD): δ  177.3 (CO), 174.6 (CO), 143.8 (Trt-CAr), 139.9 (His-C), 
137.9 (His-C), 131.0 (Trt-CAr), 129.5 (Trt-CAr), 129.4 (Trt-CAr), 121.5 (His-C), 76.9 (Trt-C), 
56.2 (His-Cα), 43.3 (Gly-Cα), 34.4 (His-Cβ);  
MS (ESI, MeOH/CH2Cl2 1/9): m/z 454.5 (8) [M + H]+, 476.4 (100) [M + Na]+. 
 
Fmoc-His(Trt)-His(Trt)-Gly-NH2 56.  
HBTU (2.05 g, 5.4 mmol), Fmoc-
His(Trt)-OH 53 (2 g, 3.2 mmol) and 
NEt3 (1.5 ml, 5.4 mmol) were added to 
a solution of H-His(Trt)-Gly-NH2 55 
(1.23 mg, 2.7 mmol) in CH2Cl2 (250 
ml) at 0 °C. After stirring for 1 hour in 
the dark at rt, the reaction mixture was 
diluted with CH2Cl2, extracted with 
saturated aqueous NaHCO3, washed 
with brine, extracted with 1 M aqueous KHSO4, washed with brine, dried over anhydrous 
Na2SO4, and concentrated in vacuo. Purification of the crude product by column 



























C67H58N8O5    Mol. Wt.: 1055,23
EXPERIMENTAL SECTION  Synthesis 
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(2.25 g, 79%) as colorless solid.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.20; 
[α]20D = -5.7 ° (c = 1.00 in DMSO);  
mp: 112 – 113 °C;  
IR: ν  3033 (w), 1668 (m), 1493 (m), 1446 (m), 1236 (m), 1132 (m), 834 (s), 742 (s), 701(s); 
1H NMR (400 MHz, DMSO): δ  7.85 (d, 3J (H,H) = 7.6 Hz, 2H, Fmoc, HAr), 7.39 (d, 3J (H,H) 
= 7.6 Hz, 2H, Fmoc, HAr), 7.35-7.25 (m, 30 H, Fmoc-HAr, His-H, Trt), 7.05-7.02 (m, 12H, 
Trt), 6.70 (s, 2H, His-H), 4.39 (q, 3J (H,H) = 5.5 Hz, 1H, Fmoc-CH2), 4.23 (q, 3J (H,H) = 5.5 
Hz, 1H, Fmoc-CH2), 4.22-4.06 (m, 3H, His-Hα, Fmoc-CH), 3.58 (dd, 2J (H,H) = 16.9 Hz, 3J 
(H,H) = 5.8 Hz, 1H, Gly-Hα), 3.49 (dd, 2J (H,H) = 16.9 Hz, 3J (H,H) = 5.7 Hz, 1H, Gly-Hα), 
2.89-2.67 (m, 4H, His-Hβ);  
13C NMR (125 MHz, DMSO): δ 173.3 (CO), 172.4 (CO), 129.2 (Trt-CAr), 128.2 (Trt-CAr), 
128.0 (Fmoc-CAr), 125.5 (Fmoc-CHAr), 120.3 (His-CH, Fmoc-CHAr), 119.5 (His-C, Fmoc-C), 
113.7 (His-CH), 77.9 (Trt-C), 55.8 (His-Cα), 47.5 (Fmoc-CH), 42.8 (Gly-Cα), 34.1 (His-Cβ), 
29.2 (His-Cβ);  
MS (ESI, MeOH/CH2Cl2 1/9): m/z 1055.5 (50) [M + H]+, 1077.4 (50) [M + Na]+. 
 
H-His(Trt)-His(Trt)-Gly-NH2 57.  
A solution of Fmoc-His(Trt)-His(Trt)-
Gly-NH2 56 (1.55 g, 1.47 mmol) in 10 
ml DMF containing 5 % piperidine 
was stirred for 15 min at rt. 
Concentration in vacuo and 
purification of the crude product by 
column chromatography 
(CH2Cl2/MeOH 10:1 (0.3% NEt3)) 
yielded pure H-His(Trt)-His(Trt)-Gly-
NH2 57 (1.16 g, 95 %) as a colorless powder.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.08; 
[α]20D = 23.1 (c = 1.00 in MeOH);  
mp: 155 – 156 °C;  
IR: ν  3051 (w), 1659 (m), 1493 (m), 1445 (m), 1130 (m), 835 (s), 776 (s), 699 (s);  















C52H48N8O3   Mol. Wt.: 832,99
EXPERIMENTAL SECTION  Synthesis 
 106 
6.83 (s, 1H, His-H), 6.76 (s, 1H, His-H), 4.49 (t, 3J (H,H) = 6.2 Hz, 1H, His-Hα), 3.77 (d, 2J 
(H,H) = 17.1 Hz, 1H, Gly-Hα), 3.68 (d, 2J (H,H) = 17.1 Hz, 1H, Gly-Hα), 3.57 (t, 3J (H,H) = 
6.0 Hz, 1H, His-Hα), 3.05-2.98 (m, 2H, His-Hβ), 2.96-2.72 (m, 2H, His-Hβ);  
13C NMR (125 MHz, CD3OD): δ 174.8 (CO), 173.3 (CO), 143.8 (s), 139.8 (His-C), 137.2 
(Trt-CAr), 131.0 (Trt-CAr), 129.5 (Trt-CAr), 129.4 (Trt-CAr), 121.8 (His-C), 77.1 (Trt-C), 55.6 
(His-Cα), 55.4 (His-Cα), 43.4 (Gly-Cα), 31.8 (His-Cβ), 31.0 (His-Cβ);  
MS (ESI, MeOH/CH2Cl2 1/20): m/z 833.5 (100) [M + H]+, 855.4 (15) [M + Na]+. 
 
Fmoc-His(Trt)-His(Trt)-His(Trt)-Gly-NH2 58.  
HBTU (960 mg, 2.5 mmol), 
Fmoc-His(Trt)-OH 53 (946 
mg, 1.5 mmol) and NEt3 (0.7 
ml, 2.5 mmol) were added to a 
solution of H-His(Trt)-
His(Trt)-Gly-NH2 57 (1.06 g, 
1.3 mmol) in CH2Cl2 (100 ml) 
at 0 °C. After stirring for 1 
hour in the dark at rt, the 
reaction mixture was diluted with CH2Cl2, extracted with saturated aqueous NaHCO3, washed 
with brine, extracted with 1 M aqueous KHSO4, washed with brine, dried over anhydrous 
Na2SO4, and concentrated in vacuo. Purification of the crude product by column 
chromatography (CH2Cl2/MeOH 15:1) yielded pure Fmoc-His(Trt)-His(Trt)-His(Trt)-Gly-
NH2 58 ( 1.95 g, 89 %) as colorless solid.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.19; 
[α]20D = -37.5 ° (c = 1.00 in MeOH);  
mp: 126 – 127 °C;  
IR: ν 3057 (w), 1653 (m), 1493 (m), 1445 (m), 1236 (m), 1130 (m), 836 (s), 746 (s), 700 (s); 
1H NMR (400 MHz, CD3OD): δ 7.78 (d, 3J (H,H) = 7.4, 2H, Fmoc-HAr), 7.53(d, 3J  (H,H) = 
7.4 Hz, 2H, Fmoc-HAr), 7.39-7.21 (m, 30H, Fmoc-HAr, His-H, Trt), 7.10-7.05 (m, 18H, Trt), 
6.77 (s, 1H, His-H), 6.75 (s, 1H, His-H), 6.72 (s, 1H, His-H), 4.50 (t, 3J (H,H) = 5.9 Hz, 1H, 
His-Hα), 4.42 (t, 3J (H,H) = 6.2 Hz, 1H, His-Hα), 4.34 (q, 3J (H,H) = 4.9 Hz, 1H, His-Hα), 
4.20-4.15 (m, 1H, Fmoc-CH2), 4.07-4.03 (m, 2H, Fmoc-CH), 3.72 (d, 2J (H,H) = 17.2 Hz, 1H, 























C92H79N11O6    Mol. Wt.: 1434,68
EXPERIMENTAL SECTION  Synthesis 
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13C NMR (125 MHz, CD3OD): δ 177.6 (CO), 174.5 (CO), 174.1 (CO), 173.4 (CO), 143.6 (s), 
139.8 (His-C), 139.7 (His-C), 131.1 (Trt-CAr), 131.0 (Trt-CAr), 129.5 (Trt-CAr), 129.4 (Trt-
CAr), 129.0 (Trt-CAr), 128.4 (Trt-CAr), 126.3 (Fmoc-CAr), 121.2 (His-C), 121.1 (Fmoc-CAr), 
77.1 (Trt-C), 67.2 (Fmoc-CH2), 56.0 (His-Cα), 55..0 (His-Cα),  54.8 (His-Cα), 48.1 (Fmoc-
CH),  42.4 (Gly-Cα), 30.8 (His-Cβ), 30.5 (His-Cβ), 29.9 (His-Cβ);  
MS (ESI, MeOH/CH2Cl2 1/9): m/z 1435.7 (100) [M + H]+, 1456.8 (41) [M + Na]+. 
 
H-His(Trt)-His(Trt)-His(Trt)-Gly-NH2 59. 
A solution of Fmoc-His(Trt)-His(Trt)-
His(Trt)-Gly-NH2 58 (1.3 mg, 0.9 
mmol) in 6 ml DMF containing 5 % 
piperidine was stirred for 15 min at rt. 
Concentration in vacuo and 
purification of the crude product by 
column chromatography 
(CH2Cl2/MeOH 10:1 (0.3% NEt3)) 
yielded pure H-His(Trt)-His(Trt)-
His(Trt)-Gly-NH2 59 (1 g, 91 %) as a colorless powder.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.16; 
[α]20D = -9.4 (c = 1.00 in MeOH);  
mp : 154 - 155 °C;  
IR: ν  3032 (w), 1653 (m), 1493 (m), 1445 (m), 1130 (m), 835 (s), 747 (s), 700 (s);  
1H NMR (400 MHz, CD3OD): δ  7.37-7.25 (m, 30H, His-H, Trt), 7.13-7.03 (m, 18H, Trt), 
6.71 (s, 1H, His-H), 6.70 (s, 1H, His-H), 6.69 (s, 1H, His-H), 4.47 (t, 3J (H,H) = 6.0 Hz, 1H, 
His-Hα), 4.40 (t, 3J (H,H) = 6.4 Hz, 1H, His-Hα), 3.74 (t, 3J (H,H) = 6.2 Hz, 1H, His-Hα), 3.69 
(d, 2J (H,H) = 17.2 Hz, 1H, Gly-Hα), 3.57 (d, 2J (H,H) = 17.2 Hz, 1H, Gly-Hα), 2.99-2.73 (m, 
6H, His-Hβ);  
13C NMR (125 MHz, CD3OD): δ 174.3 (CO), 173.6 (CO), 173.4 (CO), 143.8 (s), 143.7 (s), 
139.8 (His-C), 139.6 (His-C), 138.0 (His-C), 131.1 (Trt-CAr), 131.0 (Trt-CAr), 129.5 (Trt-CAr), 
129.4 (Trt-CAr), 121.8 (His-C), 121.3 (His-C), 76.9 (Trt-C), 54.8 (His-Cα), 54.5 (His-Cα), 54.2 
(His-Cα), 42.2 (Gly-Cα), 31.2 (His-Cβ), 30.7 (His-Cβ), 30.1 (His-Cβ);  






















C77H69N11O4    Mol. Wt.: 1212,44
EXPERIMENTAL SECTION  Synthesis 
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HOOC-CH2-CH2-CO-His(Trt)-His(Trt)-His(Trt)-Gly-NH2 61. 
Succinic anhydride 60 
(30 mg, 0.3 mmol) was 
added to a solution H-
His(Trt)-His(trt)-
His(Trt)-Gly-NH2 59 
(300 mg, 0.25 mmol) 
in THF (30 mL). After 
stirring for 1 hour in 
the dark at rt, the 
reaction mixture was concentrated in vacuo and purification of the crude product by column 
chromatography (CH2Cl2/MeOH 10:1) yielded pure HOOC-CH2-CH2-CO-His(Trt)-His(Trt)-
His(Trt)-Gly-NH2 61 (256 mg, 78%) as a colorless solid.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.22; 
[α]20D = -55.5 (c = 1.00 in MeOH);  
mp : 193 – 194 °C;  
IR: ν 1652 (m), 1554 (m), 1445 (m), 1132 (m), 835 (s), 746 (s), 699 (s);  
1H NMR (400 MHz, CD3OD): δ 7.25-7.45 (m, 30H, His-H, Trt), 7.18-7.03 (m, 18H, Trt), 
6.79 (s, 1H, His-H), 6.76 (s, 1H, His-H), 6.69 (s, 1H, His-H), 4.70 (t, 3J (H,H) = 7.0 Hz, 1H, 
His-Hα), 4.56 (dd, 3J (H,H) = 3.8 Hz, 3J (H,H) = 9.9 Hz, 1H, His-Hα), 4.46 (t, 3J (H,H) = 7.0 
Hz, 1H, His-Hα), 3.78 (s, 2H, Gly-Hα), 3.10 (dd, 3J (H,H) = 3.8 Hz, 2J (H,H) = 14.8 Hz, 1H, 
His-Hβ), 3.00-2.88 (m, 3H, His-Hβ), 2.73-2.65 (m, 2H, His-Hβ), 2.64-2.54 (m, 1H, CH2), 
2.48-2.35 (m, 2H, CH2), 2.14-2.11 (m, 1H, CH2);  
13C NMR (125 MHz, CD3OD): δ 174.3 (CO), 173.6 (CO), 173.4 (CO), 143.8 (s), 143.7 (s), 
139.8 (His-C), 139.6 (His-C), 138.2 (His-C), 131.1 (Trt-CAr), 131.0 (Trt-CAr), 130.9 (Trt-CAr), 
129.5 (Trt-CAr), 129.4 (Trt-CAr), 121.8 (His-C), 121.3 (His-C), 77.0 (Trt-C), 76.9 (Trt-C), 
54.7 (His-Cα), 54.5 (His-Cα), 54.3 (His-Cα), 42.2 (Gly-Cα), 33.1 (CH2), 31.0 (CH2), 30.7 
(His-Cβ), 30.1 (His-Cβ) 29.9 (His-Cβ);  
























C81H73N11O7    Mol. Wt.: 1312,52






















































































HBTU (51 mg, 0.13 mmol), Fmoc-Gly-OH (20 mg, 67 µmol), Boc-Gly-OH (12 mg, 67 µmol) 
and NEt3 (19 µl, 0.13 mmol) were added to a solution of 44 (70 mg, 61 µmol) in DMF (3 ml). 
After stirring for 1 hour in the dark at rt, the reaction mixture was concentrated in vacuo. 
Purification of the crude product by column chromatography (CH2Cl2/MeOH 30:1) yielded a 
mixture of 45, 62 and 63 (~1/1/2) (58 mg, ∼60 % total) as a pale yellow powder.  
TLC (CH2Cl2/MeOH 50/1): Rf 0.49; 



























































1H NMR (300 MHz, CDCl3): δ 9.0 (s, 4H, NDI), 8.95-8.87 (m, 4H, NDI), 8.86-8.75 (m, 4H, 
NDI), 7.88-7.79 (m, 2H, Fmoc-HAr), 7.70-7.61 (m, 2H, Fmoc-HAr), 7.51-7.33 (m, 4H, Fmoc-
HAr), 6.54 (bs, 2H, NH), 5.29 (bs, 1H, NH), 4.99 (bs, 2H, NH), 4.57-4.44 (m, 6H, Fmoc- CH2, 
CH2), 4.33-4.25 (m, 1H, Fmoc-CH), 3.81 (d, 3J (H,H) = 6.8 Hz, 6H, CH2), 3.73 (d, 3J (H,H) = 
5.9 Hz, 2H, CH2), 2.19 (s, 24H, CH3), 1.47 (s, 9H, Boc-CH3). 
 


























A solution of the mixture of rods 45, 62 and 63 (~1/1/2) (36 mg, 23 µmol) in 2.5 ml CH2Cl2 
and 2.5 mL TFA was stirred for 1 hour at rt. Concentration in vacuo and purification of the 
EXPERIMENTAL SECTION  Synthesis 
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crude product by column chromatography (CH2Cl2/MeOH 20:1 then 10:1 and finally 5:1 + 
0.3% NEt3) yielded pure 64 (16 mg, 95%) and 47 (6 mg, 85%) together with unreacted 63 (10 
mg, 99%) as brown-yellow powder. 
63: 
TLC (CH2Cl2/MeOH 10/1): Rf 0.52; 
1H NMR (300 MHz): (CDCl3 + 1% TFA-d6) δ 9.05 (s, 4H, NDI), 8.86-8.72 (m, 8H, NDI), 
7.88-7.79 (m, 4H, Fmoc-HAr), 7.92-7.78 (m, 4H, Fmoc-HAr), 7.53-7.43 (m, 4H, Fmoc-HAr), 
7.41-7.32 (m, 4H, Fmoc-HAr), 4.73-4.39 (m, 8H, Fmoc- CH2, Fmoc-CH, CH2), 4.35-4.11 (m, 
2H, Fmoc- CH2), 4.0-3.66 (m, 8H, CH2), 2.19 (s, 24H, CH3);  
MS (ESI): (CH2Cl2/1% TFA): m/z 1704.9 [M + H]+. 
64:  
TLC (CH2Cl2/MeOH 10/1): Rf 0.16; 
1H NMR (300 MHz): (CDCl3/MeOD 6/1) δ 8.91 (s, 4H, NDI), 8.86-8.68 (m, 8H, NDI), 7.79-
7.71 (m, 2H, Fmoc-HAr), 7.62-7.54 (m, 2H, Fmoc-HAr), 7.47-7.33 (m, 4H, Fmoc-HAr), 4.46-
4.33 (m, 6H, Fmoc- CH2, Fmoc-CH, CH2), 4.25-4.15 (m, 1H, Fmoc- CH2), 3.75-3.63 (m, 8H, 
CH2), 2.11 (s, 24H, CH3); 
MS (ESI): (CH2Cl2/1% TFA): m/z 1482.3 [M + H]+. 
EXPERIMENTAL SECTION  Synthesis 
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Rod 65.  
HBTU (5.4 mg, 14 µmol), HOOC-
CH2-CH2-CO-His(Trt)-His(Trt)-
His(Trt)-Gly-NH2 61 (9.3 mg, 7 
µmol) and NEt3 (1 µl, 7 µmol) 
were added to a solution of 64 (7 
mg, 4.7 µmol) in DMF (0.4 ml). 
After stirring for 75 min in the 
dark at rt, the reaction mixture was 
concentrated in vacuo. Purification 
of the crude product by solid-
liquid extraction with MeOH 
yielded pure 65 (7.5 mg, 57 %) as 
a brown powder.  
TLC (CH2Cl2/MeOH 10/1): Rf 
0.47 after 2 runs; 
1H NMR (300 MHz, CDCl3): δ 9.0 
(s, 4H, NDI), 8.92-8.74 (m, 8H, 
NDI), 7.90-7.79 (m, 2H, Fmoc-
HAr), 7.73-7.60 (m, 2H, Fmoc-
HAr), 7.56-7.38 (m, 4H, Fmoc-
HAr), 7.37-7.23 (m, 30H, His-H, 
Trt), 7.19-7.02 (m, 18H, Trt), 6.62 
(s, 3H, His-H), 4.59-4.23 (m, 10H, 
His-Hα, Fmoc-CH, Fmoc-CH2, 
CH2), 4.08-3.59 (m, 10H, Gly-Hα, 
CH2), 3.12-2.77 (m, 6H, His-Hβ), 





































C166H135N21O22    Mol. Wt.: 2775,98
EXPERIMENTAL SECTION  Synthesis 
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Rod 66. 
A solution of 65 (7.5 mg, 2.7 
µmol) in 0.5 ml DCM and 0.5 mL 
TFA was stirred for 90 min at rt. 
Concentration in vacuo and 
purification of the crude product 
by solid-liquid extraction with 
diethyl ether and petroleum ether 
yielded HPLC-pure (YMC-Pack 
ODS-A, 250 × 10 mm, MeCN + 
1% TFA, 2 ml/min, tr = 19.68 min) 
66 (4.3 mg, 98 %) as a brown 
powder.  
1H NMR (400 MHz, CDCl3 + 1% 
TFA): δ 9.04 (s, 4H, NDI), 8.98-
8.72 (m, 8H, NDI), 7.66-7.53 (m, 
2H, Fmoc-HAr), 7.50-7.41 (m, 2H, 
Fmoc-HAr), 7.39-7.28 (m, 4H, 
Fmoc-HAr), 4.98-4.73 (m, 3H, His-
Hα), 4.69-4.36 (m, 7H, Fmoc-CH2, 
Fmoc-CH, CH2), 4.32-3.53 (m, 
8H, Gly-Hα, CH2), 3.51-3.05 (m, 
6H, His-Hβ), 2.83-2.58 (m, 4H, 
CH2-suc), 2.15 (s, 24H, CH3);  
MS (ESI, CH2Cl2 + 1% TFA): m/z 
(%), 1025.3 [M + 2H]2+, 1367.0 
[2M + 3H]3+, 2050.2 [M + H]+, 






































C109H93N21O22    Mol. Wt.: 2049,03
EXPERIMENTAL SECTION  Synthesis 
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2 Ligand-gated multifunctional pore 
 
Fmoc-His(Trt)-Leu-NH2 69. 
EDC•HCl (1.074 g, 5.4 mmol), HOBt (796 mg, 5.2 mmol), Fmoc-
His(Trt)-OH 68 (2.479 g, 4 mmol) and NEt3 (2.9 ml, 20.6 mmol) 
were added to a solution of H-Leu-NH2•HCl 67 (733.5 mg, 4.4 
mmol) in CH2Cl2 (200 ml) at 0 °C. After stirring for 8 hours in the 
dark at rt, the reaction mixture was diluted with CH2Cl2, extracted 
with saturated aqueous NaHCO3, washed with brine, extracted with 
1 M aqueous KHSO4, washed with brine, dried over anhydrous Na2SO4, and concentrated in 
vacuo. Purification of the crude product by column chromatography (CH2Cl2/MeOH 20:1) 
yielded pure Fmoc-His(Trt)-Leu-NH2 69 (2.562 g, 83 %) as a white powder.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.33;  
[α]20D = - 15.5 (c = 1.00 in MeOH); 
Melting Point = 113 - 114 °C; 
IR: ν 3302 (m), 3059 (m), 2955 (m), 1655 (s), 1445 (s), 1419 (s), 1240 (s), 1131 (s), 1036 (s), 
870 (s), 739 (s), 700 (s) cm-1; 
MS (ESI, CH2Cl2/MeOH 20/1): m/z 732.4 [M + H]+; 
Anal. calcd. for C46H45N5O4•0.5 SiO2 (761.93): C 72.49, H 5.95, N 9.18; found: C 72.48, H 
6.12, N 9.08; 
1H NMR (500 MHz, CD3OD): δ 7.77 (d, 3J (H,H) = 7.6 Hz, 2 H, Fmoc-H), 7.59 (d, 3J (H,H) 
= 7.6 Hz, 2 H, Fmoc-H), 7.39 - 7.20 (m, 14 H, Fmoc-H, His-H, Trt-H), 7.10 - 7.05 (m, 6 H, 
Trt-H), 6.78 (s, 1 H, His-H), 4.40 (dd, 1 H, 3J (H,H) = 9.2 Hz, 3J (H,H) = 4.7 Hz, His-Hα,), 
4.38 (t, 1 H, 3J (H,H) = 7.4 Hz, Leu-Hα,), 4.25 (d, 3J = 7.1 Hz, 2 H, Fmoc-CH2), 4.10 (t, 3J = 
7.1 Hz, 1 H, Fmoc-H), 3.05 (dd, 2J (H,H) = 14.9 Hz, 3J (H,H) = 4.7 Hz, 1 H, His-Hβ), 2.83 
(dd, 2J (H,H) = 14.9 Hz, 3J (H,H) = 9.2 Hz, 1 H, His-Hβ), 1.70 - 1.55 (m, 3 H, Leu-Hβ,γ), 0.88 
(d, 3J (H,H) = 6.3 Hz, 3 H, Leu-CH3), 0.86 (d, 3J (H,H) = 6.3 Hz, 3 H, Leu-CH3);  
13C NMR (125 MHz, CD3OD): δ 177.5 (His-CO), 176.4 (Leu-CO), 173.9 (Fmoc-CO), 143.7 
(Trt-CAr), 139.5 (His-CH), 137.8 (His-C), 130.9 (Trt-CHAr), 129.3 (Trt-CHAr), 129.2 (Trt-
CHAr), 128.8 (Fmoc-CHAr), 128.2 (Fmoc-CHAr), 126.3 (Fmoc-CHAr), 121.2 (His-CH), 121.0 












C46H45N5O4    Mol. Wt.: 731,88
EXPERIMENTAL SECTION  Synthesis 
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(Fmoc-CH), 42.0 (Leu-CH2), 31.6 (His-CH2), 25.9 (Leu-CH), 23.7 (Leu-CH3), 21.8 (Leu-
CH3); 
MS (ESI, MeOH/CH2Cl2 1/20): m/z  732.4 (100) [M + H]+, 1464.5 (30) [2M + H]+. 
 
H-His(Trt)-Leu-NH2 70. 
A solution of Fmoc-His(Trt)-Leu-NH2 69 (1.6 g, 2 mmol) in 15 ml 
DMF containing 5% piperidine was stirred for 15 min at rt. 
Concentration in vacuo and purification of the crude product by 
column chromatography (CH2Cl2/MeOH 20:1 to 10:1) yielded pure 
H-His(Trt)-Leu-NH2 70 (1.00 g, 98 %) as a white powder.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.25;  
[α]20D = -14.2 (c = 1.00 in MeOH); 
m.p. : 82 - 83 °C; 
IR: ν 3298 (m), 3060 (m), 2955 (m), 1659 (s), 1493 (s), 1445 (s), 1235 (s), 1157 (s), 1130 (s), 
747 (s), 699 (s) cm-1; 
Anal. calcd. for C31H35N5O2•1 CH3OH (541.69): C 70.80, H 7.28, N 12.87; found: C 70.70, H 
7.20, N 13.11;  
1H NMR (500 MHz, CD3OD): δ 7.39-7.34 (m, 10 H, Trt, His-H), 7.16-7.12 (m, 6H, Trt-H), 
6.78 (s, 1H, His-H), 4.37 (dd, 3J (H,H) = 9.8 Hz, 3J (H,H) = 4.7 Hz, 1H, Leu-Hα), 3.60 (t, 3J 
(H,H) = 6.1 Hz, 1H, His-Hα), 2.93 (dd, 2J (H,H) = 14.6 Hz, 3J (H,H) = 5.3 Hz, 1H, His-Hβ), 
2.76 (dd, 2J (H,H) = 14.6 Hz, 3J (H,H) = 7.2 Hz, 1H, His-Hβ), 1.70-1.54 (m, 3H, Leu-Hβ,γ ), 
0.92 (d, 3J (H,H) = 6.5 Hz, 3H, Leu-CH3), 0.88 (d, 3J (H,H) = 6.1 Hz, 3H, Leu-CH3); 
13C NMR (125 MHz, CD3OD): δ 177.6 (His-CO), 176.4 (Leu-CO), 143.7 (Trt-CAr), 139.7 
(His-CH), 138.0 (His-C), 130.9 (Trt-CHAr), 129.3 (Trt-CHAr), 129.2 (Trt-CHAr), 121.3 (His-
CH), 76.8 (Trt-C), 55.9 (His-Cα), 52.7 (Leu-Cα), 42.2 (Leu-CH2), 34.4 (His-CH2), 25.9 (Leu-
CH), 23.5 (Leu-CH3), 21.9 (Leu-CH3); 
MS (ESI, MeOH/CH2Cl2 1/20): m/z 510.5 (100) [M + H]+, 1019.5 (34) [2M + H]+, 1529.6 










C31H35N5O2    Mol. Wt.: 509,64
EXPERIMENTAL SECTION  Synthesis 
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Z-Arg(Pmc)-His(Trt)-Leu-NH2 72. 
EDC•HCl (54 mg, 2.8 µmol), HOBt (35 mg, 2.6 µmol), Z-
Arg(Pmc)-OH 71 (138 mg, 2.4 µmol) and NEt3 (145 µl, 10.3 
µmol) were added to a solution of H-His(Trt)-Leu-NH2 70 
(109 mg, 2.0 µmol) in CH2Cl2 (10 ml) at 0 °C. After stirring 
for 16 hours in the dark at rt, the reaction mixture was diluted 
with CH2Cl2, extracted with saturated aqueous NaHCO3, 
washed with brine, extracted with 1 M aqueous KHSO4, 
washed with brine, dried over anhydrous Na2SO4, and 
concentrated in vacuo. Purification of the crude product by column chromatography 
(CH2Cl2/MeOH 15:1) yielded pure Z-Arg(Pmc)-His(Trt)-Leu-NH2 72 (203 mg, 90%) as 
colorless solid.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.62;  
[α]20D = - 2.8 (c 1.00, MeOH);  
mp: 128.5 – 129.8 °C;  
IR: ν 3320 (m), 2960 (m), 1647 (s), 1532 (s), 1444 (s), 1418 (s), 1260 (s), 1102 (s), 1019 (s), 
746 (s), 700 (s);  
1H NMR (500 MHz, CD3OD): δ 7.36-7.23 (m, 15 H, Trt, His-H, Cbz-HAr), 7.13-7.06 (m, 6H, 
Trt-H), 6.80 (s, 1H, His-H), 5.05 (d, 2J = 12.5 Hz, 1H, CH2-Z), 4.91 (d, 2J = 12.5 Hz, 1H, 
CH2-Z), 4.54 (dd, 3J (H,H) = 7.6 Hz, 3J (H,H) = 5.2 Hz, 1H, His-Hα), 4.32 (t, 3J (H,H) = 7.3 
Hz, 1H, Arg-Hα), 4.01 (dd, 3J (H,H) = 7.8 Hz, 3J (H,H) = 5.3 Hz, 1H, Leu-Hα), 3.16-3.06 (m, 
2H, Arg-Hδ), 3.02 (dd, 2J (H,H) = 15.1 Hz, 3J (H,H) = 5.0 Hz, 1H, His-Hβ), 2.92 (dd, 2J (H,H) 
= 15.1 Hz, 3J (H,H) = 7.6 Hz, 1H, His-Hβ), 2.61 (t, 3J (H,H) = 6.9 Hz, 2H, CH2-Pmc), 2.54 (s, 
3H, CH3-Pmc), 2.52 (s, 3H, CH3-Pmc), 2.06 (s, 3H, CH3-Pmc), 1.78 (t, 3J (H,H) = 6.9 Hz, 
2H, CH2-Pmc), 1.75-1.45 (m, 7H, Arg-Hβ, Arg-Hγ, Leu-Hβ, Leu-Hγ), 1.27 (s, 6H, Pmc-CH3), 
0.88 (d, 3J (H,H) = 5.8 Hz, 3H, Leu-CH3), 0.81 (d, 3J (H,H) = 5.1 Hz, 3H, Leu-CH3); 
13C NMR (125 MHz, CD3OD): δ 177.5 (His-CO), 175.7 (Leu-CO), 173.3 (Arg-CO), 158.6, 
158.0, 154.7, 143.6 (Trt-CAr), 139.6 (His-CH), 137.9 (His-C), 137.7, 136.5, 136.1, 134.8, 
130.9 (Trt-CHAr), 129.3 (Trt-CHAr), 129.2 (Trt-CHAr), 124.9, 121.1 (His-CH), 119.3, 76.8 
(Trt-C), 74.8 (Pmc), 56.4 (Leu-Cα), 55.2 (His- Cα), 54.8 (Arg-Cα), 41.8 (Leu-CH2), 41.4 (Arg 
Cβ, Cδ),33.8 (Pmc), 30.4 (His-CH2), 27.0 (Pmc), 25.8 (Leu-CH), 23.7 (Leu-CH3), 22.4 (Pmc), 
21.7 (Leu-CH3), 19.0 (Pmc), 17.9 (Pmc), 12.3 (Pmc);  




















C59H71N9O8S    Mol. Wt.: 1066,32
EXPERIMENTAL SECTION  Synthesis 
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Anal. Calcd for C59H71N9O8S•(2 CH3OH) (1130.41): C 64.81, H 7.04, N 11.15. Found: C 
64.98, H 6.88, N 11.39. 
 
H-Arg(Pmc)-His(Trt)-Leu-NH2 73. 
Pd(OH)2/C (10 mg) was added to a solution of Z-Arg(Pmc)-
His(Trt)-Leu-NH2 72 (1.58 g, 1.48 mmol) in MeOH (60 ml). 
The suspension was degassed and set under H2-atmosphere. 
After stirring for 2 h, Pd(OH)2/C was filtered off on celite and 
the crude product was concentrated in vacuo. Purification by 
column chromatography (CH2Cl2/MeOH 10:1) yielded pure H-
Arg(Pmc)-His(Trt)-Leu-NH2 73 (1.07 g, 78%) as a colorless 
solid.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.11;  
[α]20D = - 0.9 (c 1.00, MeOH);  
mp:  124 – 125 °C;  
IR: ν 3313 (m), 2931 (m), 1650 (s), 1545 (s), 1445 (s), 1106 (s), 746 (s), 701 (s);  
1H NMR (500 MHz, CD3OD): δ 7.40-7.29 (m, 10 H, Trt, His-H), 7.15-7.07 (m, 6H, Trt-H), 
6.78 (s, 1H, His-H), 4.57 (dd, 3J (H,H) = 7.6 Hz, 3J (H,H) = 5.4 Hz, 1H, His-Hα), 4.35 (dd, 3J 
(H,H) = 9.5 Hz, 3J = 5.3 Hz, 1H, Arg-Hα), 3.27 (t, 3J (H,H) = 6.2 Hz, 1H, Leu-Hα), 3.12-3.06 
(m, 2H, Arg-Hδ), 3.03 (dd, 2J (H,H) = 14.9 Hz, 3J (H,H) = 5.3 Hz, 1H, His-Hβ), 2.90 (dd, 2J 
(H,H) = 14.8 Hz, 3J (H,H) = 7.6 Hz, 1H, His-Hβ), 2.63 (t, 3J (H,H) = 6.8 Hz, 2H, CH2-Pmc), 
2.54 (s, 3H, CH3-Pmc), 2.53 (s, 3H, CH3-Pmc), 2.07 (s, 3H, CH3-Pmc), 1.80 (t, 3J (H,H) = 6.9 
Hz, 2H, CH2-Pmc), 1.70-1.37 (m, 7H, Arg-Hβ, Arg-Hγ, Leu-Hβ, Leu-Hγ), 1.28 (s, 6H, Pmc-
CH3), 0.91 (d, 3J (H,H) = 6.3 Hz, 3H, Leu-CH3), 0.86 (d, 3J (H,H) = 6.3 Hz, 3H, Leu-CH3);  
13C NMR (125 MHz, CD3OD): δ 177.4 (His-CO), 177.2 (Leu-CO), 173.3 (Arg-CO), 154.7, 
143.6 (Trt-CAr), 139.6 (His-CH), 137.5 (His-C), 136.5, 136.1, 134.9, 130.9 (Trt-CHAr), 129.3 
(Trt-CHAr), 129.2 (Trt-CHAr), 124.9, 121.3 (His-CH), 119.3, 76.9 (Trt-C), 74.8 (Pmc), 55.4 
(Leu-Cα), 54.6 (His- Cα), 52.9 (Arg-Cα), 42.0 (Leu-CH2), 41.6 (Arg Cβ, Cδ), 33.8 (Pmc), 33.0 
(His-CH2), 31.4 (His-CH2), 27.0 (Pmc), 25.9 (Leu-CH), 23.6 (Leu-CH3), 22.4 (Pmc), 21.8 
(Leu-CH3), 18.9 (Pmc), 17.9 (Pmc), 12.3 (Pmc);  
MS (ESI, MeOH/CH2Cl2 1/20): m/z 932.5 [M + H]+;  
Anal. Calcd for C51H65N9O6S (CH3OH) (964.23): C 64.77, H 7.21, N 13.07. Found: C 64.35, 

















C51H65N9O6S    Mol. Wt.: 932,18
Pmc




HBTU (360 mg, 0.949 mmol), Fmoc-His(Trt)-OH 
68 (380 mg, 0.614 mmol) and NEt3 (0.5 mL, 3.35 
mmol) were added to a solution of H-Arg(Pmc)-
His(Trt)-Leu-NH2 73 (520 mg, 0.558 mmol) in 
CH2Cl2 (50 ml) at 0 °C. After stirring for 1 h in the 
dark at rt, the reaction mixture was diluted with 
CH2Cl2, and washed consecutively with saturated 
aqueous NaHCO3, brine, 1 M aqueous KHSO4, and 
brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The crude product was 
purified by column chromatography (CH2Cl2/MeOH 20:1) to give pure Fmoc-His(Trt)-
Arg(Pmc)-His(Trt)-Leu-NH2 74 (1.22 g, 73 %) as colorless solid.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.45;  
[α]20D = - 9.1 (c 1.00, MeOH);  
mp: 145 – 146 °C;  
IR: ν 3315 (m), 2931 (m), 1661 (s), 1544 (s), 1493 (s), 1445 (s), 1107 (s), 743 (s), 700 (s);  
1H NMR (500 MHz, CD3OD): δ 7.74 (d, 3J (H,H) = 7.3 Hz, 2H, Fmoc-H), 7.52 (d, 3J (H,H) = 
7.4 Hz, 2H, Fmoc-H), 7.36-7.15 (m, 24H, Fmoc-H, Trt, His-H, ), 7.07-6.99 (m, 12H, Trt-H), 
6.75 (s, 1H, His-H), 6.67 (s, 1H, His-H), 4.50 (dd, 3J (H,H) = 8.3 Hz, 3J (H,H) = 5.1 Hz, 1H, 
His-Hα), 4.36-4.28 (m, 2H, His-Hα, Leu-Hα), 4.26-4.13 (m, 3H, Fmoc-CH, Fmoc-CH2), 4.04 
(t, 3J (H,H) = 6.9 Hz, 1H, Arg-Hα), 3.11-2.97 (m, 4H, Arg-Hδ, His-Hβ), 2.91-2.78 (m, 2H, 
His-Hβ), 2.56 (t, 3J (H,H) = 6.8 Hz, 2H, CH2-Pmc), 2.52 (s, 3H, CH3-Pmc), 2.50 (s, 3H, CH3-
Pmc), 2.03 (s, 3H, CH3-Pmc), 1.73 (t, 3J (H,H) = 6.9 Hz, 2H, CH2-Pmc), 1.66-1.39 (m, 7H, 
Arg-Hβ, Arg-Hγ, Leu-Hβ, Leu-Hγ), 1.22 (s, 6H, Pmc-CH3), 0.84 (d, 3J (H,H) = 5.8 Hz, 3H, 
Leu-CH3), 0.78 (d, 3J (H,H) = 5.5 Hz, 3H, Leu-CH3);  
13C NMR (125 MHz, CD3OD): δ 177.6 (His-CO), 174.5 (Leu-CO), 174.1 (Fmoc-CO), 173.4 
(Arg-CO), 158.4, 158.0, 154.7, 145.2, 145.1, 143.6 (Trt-CAr), 139.8 (His-CH), 139.7 (His-
CH), 137.8 (His-C), 137.7 (His-C), 136.5, 136.1, 134.9, 130.9 (Trt-CHAr), 130.8 (Trt-CHAr), 
129.3 (Trt-CHAr), 129.2 (Trt-CHAr), 128.8, 128.2, 126.3 (Fmoc-CH), 124.9, 121.2 (His-CH; 
Fmoc-CH)), 121.0 (His-CH; Fmoc-CH), 120.9, 119.3, 76.9 (Trt-C), 76.8 (Trt-C), 74.8 (Pmc), 
68.2 (Fmoc-CH2), 57.0 (His- Cα), 55.4 (His- Cα), 55.0, 54.8 (Leu- Cα), 53.2, 48.3 (Arg-Cα), 


























C91H96N12O9S    Mol. Wt.: 1533,88
EXPERIMENTAL SECTION  Synthesis 
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(Pmc),  25.8 (Leu-CH), 23.7 (Leu-CH3), 22.4 (Pmc-CH2), 21.7 (Leu-CH3), 19.0 (Pmc-CH3), 
18.0 (Pmc-CH3), 12.4 (Pmc);  
MS (ESI, MeOH/CH2Cl2 1/20): m/z 1534.7 (100) [M + H]+, 1556.4 (8) [M + Na]+;  
Anal. Calcd for C91H96N12O9S•(2 CH3OH) (1597.96): C 69.90, H 6.67, N 10.52. Found: C 
69.78, H 6.45, N 10.73. 
 
H-His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2 75. 
A solution of Fmoc-His(Trt)-Arg(Pmc)-His(Trt)-Leu-
NH2 74 (200 mg, 0.13 mmol) in 4 ml DMF containing 
5% piperidine was stirred for 15 min at rt. Concentration 
in vacuo and purification of the crude product by column 
chromatography (CH2Cl2/MeOH 25:1, then 8:1) yielded 
pure H-His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2 75 (164 
mg, 96 %) as a colorless powder.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.18;  
[α]20D = - 4.2 (c 1.00, MeOH);  
mp: 148 - 149 °C;  
IR: ν 3315 (m), 2927 (m), 1652 (s), 1544 (s), 1445 (s), 1108 (s), 746 (s), 700 (s);  
1H NMR (500 MHz, CD3OD): δ 7.38 (s, 1H, His-H), 7.37 (s, 1H, His-H), 7.35-7.25 (m, 18H, 
Trt-H), 7.14-7.02 (m, 12H, Trt-H), 6.75 (s, 1H, His-H), 6.65 (s, 1H, His-H), 4.50 (dd, 3J (H,H) 
= 8.4 Hz, 3J (H,H) = 5.1 Hz, 1H, His-Hα), 4.32 (dd, 3J (H,H) = 10.2 Hz, 3J (H,H) = 4.5 Hz, 
1H, Leu- Hα), 4.17 (dd, 3J (H,H) = 7.7 Hz, 3J (H,H) = 5.5 Hz, 1H, Arg- Hα), 3.58 (t, 3J (H,H) 
= 6.5 Hz, 1H, His-Hα), 3.14-2.96 (m, 3H, Arg-Hδ, His-Hβ), 2.89 (dd, 2J (H,H) = 14.5 Hz, 3J 
(H,H) = 6.1 Hz, 1H, His-Hβ), 2.83 (dd, 2J (H,H) = 15.1 Hz, 3J (H,H) = 8.5 Hz, 1H, His-Hβ), 
2.75 (dd, 2J (H,H)  = 14.4 Hz, 3J (H,H) = 6.5 Hz, 1H, His-Hβ), 2.61 (t, 3J (H,H) = 6.8 Hz, 2H, 
CH2-Pmc), 2.53 (s, 3H, CH3-Pmc), 2.52 (s, 3H, CH3-Pmc), 2.06 (s, 3H, CH3-Pmc), 1.78 (t, 3J 
(H,H) = 6.9 Hz, 2H, CH2-Pmc), 1.72-1.40 (m, 7H, Arg-Hβ, Arg-Hγ, Leu-Hβ, Leu-Hγ), 1.26 (s, 
6H, Pmc-CH3), 0.86 (d, 3J (H,H) = 6.1 Hz, 3H, Leu-CH3), 0.80 (d, 3J (H,H) = 6.1 Hz, 3H, 
Leu-CH3);  
13C NMR (125 MHz, CD3OD): δ 177.6 (His-CO), 176.9 (His-CO), 174.3 (Leu-CO), 173.4 
(Arg-CO), 158.0, 154.7, 143.7 (Trt-CAr), 143.6 (Trt-CAr), 140.0 (His-CH), 139.6 (His-CH), 
138.0 (His-C), 137.9 (His-C), 136.5, 136.1, 134.9, 130.9 (Trt-CHAr), 129.4 (Trt-CHAr), 129.3 
























C76H86N12O7S    Mol. Wt.: 1311,64
EXPERIMENTAL SECTION  Synthesis 
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(Pmc), 56.0 (His-Cα), 55.4 (His-Cα), 55.0 (Arg-Cα), 53.1 (Leu-Cα), 41.8 (Leu-CH2), 41.4 
(Arg Cβ, Cδ), 34.3 (His-CH2), 33.8 (Pmc), 30.7 (His-CH2), 30.1, 27.0 (Pmc), 25.8 (Leu-CH), 
23.7 (Leu-CH3), 22.4 (Pmc), 21.7 (Leu-CH3), 19.0 (Pmc), 17.9 (Pmc), 12.4 (Pmc);  
MS (ESI, MeOH/CH2Cl2 1/20): m/z 1311.5 (100) [M + H]+, 1333.6 (12) [M + Na]+;  
Anal. Calcd for C76H86N12O7S (3 CH3OH) (1407.77): C 67.40, H 7.16, N 11.94. Found: C 
67.32, H 6.73, N 12.16. 
 
Fmoc-Leu-His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2 77. 
HBTU (501 mg, 1.32 mmol), Fmoc-Leu-OH 
76 (276 mg, 0.78 mmol) and NEt3 (0.4 mL, 
1.32 mmol) were added to a solution of H-
His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2 75 
(853 mg, 0.65 mmol) in CH2Cl2 (60 ml) at 0 
°C. After stirring for 1 h in the dark at rt, the 
reaction mixture was diluted with CH2Cl2, 
and washed consecutively with saturated 
aqueous NaHCO3, brine, 1 M aqueous KHSO4, and brine, dried over anhydrous Na2SO4, and 
concentrated in vacuo. The crude product was purified by column chromatography 
(CH2Cl2/MeOH 20:1) to give HPLC-pure (YMC-Pack SIL, CH2Cl2/MeOH 95/5 1 ml/min, tR 
= 3.58 min) Fmoc-Leu-His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2 77 (822 mg, 77%) as a colorless 
solid.  
TLC (CH2Cl2/MeOH 15/1): Rf 0.42;  
[α]20D = - 2.0 (c 1.00, MeOH);  
mp: 146 – 147 °C;  
IR: ν 3316 (m), 2927 (m), 1655 (s), 1531 (s), 1445 (m), 1108 (s), 742 (s), 700 (s);  
1H NMR (500 MHz, CD3OD): δ 7.74 (d, 3J (H,H) = 7.6 Hz, 1H, Fmoc-H), 7.71 (d, 3J (H,H) = 
7.6 Hz, 1H, Fmoc-H), 7.54 (d, 3J (H,H) = 7.6 Hz, 1H, Fmoc-H), 7.48 (d, 3J (H,H) = 7.6 Hz, 
1H, Fmoc-H), 7.38-7.16 (m, 24H, Trt-H, His-H, Fmoc-H), 7.06-6.95 (m, 12H, Trt-H), 6.74 (s, 
1H, His-H), 6.70 (s, 1H, His-H), 4.47 (dd, 3J (H,H) = 9.7 Hz, 3J (H,H) = 4.3 Hz, 1H, His-Hα), 
4.34-4.24 (m, 2H, Arg- Hα, His- Hα), 4.05-3.90 (m, 4H, Leu- Hα, Fmoc-CH, Fmoc-CH2), 
3.64-3.57 (m, 1H, Leu-Hα), 3.12-2.88 (m, 6H, Arg-Hδ, His-Hβ), 2.53 (s, 3H, CH3-Pmc), 2.51 
(m, 2H, CH2-Pmc), 2.49 (s, 3H, CH3-Pmc), 2.00 (s, 3H, CH3-Pmc), 1.74-1.26 (m, 12H, CH2-





























C97H107N13O10S    Mol. Wt.: 1647,03
EXPERIMENTAL SECTION  Synthesis 
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3J (H,H) = 1.7 Hz, 6H, Leu-CH3), 0.79 (t, 3J (H,H) = 5.5 Hz, 6H, Leu-CH3);  
13C NMR (125 MHz, CD3OD): δ 177.6 (His-CO), 174.5 (Leu-CO), 174.1 (Fmoc-CO), 173.4 
(Arg-CO), 158.4, 158.0, 154.7, 145.2, 145.1, 143.6 (Trt-CAr), 139.8 (His-CH), 139.7 (His-
CH), 137.9 (His-C), 137.5 (His-C), 136.5, 136.1, 135.0, 130.8 (Trt-CHAr), 130.8 (Trt-CHAr), 
129.4 (Trt-CHAr), 129.3 (Trt-CHAr), 128.9, 128.3, 128.2, 126.3 (Fmoc-CH), 126.2 (Fmoc-
CH), 125.0, 121.1 (His-CH, Fmoc-CH), 121.0 (His-CH, Fmoc-CH), 119.3, 76.9 (Trt-C), 76.8 
(Trt-C), 74.8 (Pmc), 68.3 (Fmoc-CH2), 56.7 (Leu-Cα), 56.4 (Leu-Cα), 55.9 (His-Cα), 55.8 
(His-Cα), 54.8, 53.4 (Arg-Cα), 48.0 (Fmoc-CHα), 41.5 (Leu-CH2), 41.4 (Arg Cβ, Cγ), 41.3 
(Arg Cβ, Cγ), 33.7 (Pmc-CH2), 30.8 (Arg-Cδ), 30.0 (His-CH2), 29.3 (His-CH2), 27.0 (Pmc), 
25.9 (Leu-CH), 25.8 (Leu-CH), 23.8 (Leu-CH3), 23.1 (Leu-CH3), 22.7 (Leu-CH3), 22.4 (Pmc-
CH2), 21.4 (Leu-CH3), 19.1 (Pmc-CH3), 18.0 (Pmc-CH3), 12.4 (Pmc);  
MS (ESI, MeOH/CH2Cl2 1/20): m/z 1647.5 (100) [M + H]+, 1669.4 (34) [M + Na]+;  
Anal. Calcd for C97H107N13O10S•(3 CH3OH) (1743.17): C 68.90, H 6.99, N 10.45. Found: C 
68.61, H 6.62, N 10.50.  
 
H-Leu-His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2 78. 
A solution of Fmoc-Leu-His(Trt)-Arg(Pmc)-
His(Trt)-Leu-NH2 77 (90 mg, 0.055 mmol) in 4 
ml DMF containing 5% piperidine was stirred 
for 15 min at rt. Concentration in vacuo and 
purification of the crude product by column 
chromatography (CH2Cl2/MeOH 15:1) yielded 
HPLC-pure (YMC-Pack SIL, CH2Cl2(0.1% 
NET3)/MeOH 85/15 1 ml/min, tR = 3.36 min) H-
Leu-His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2 78 (60 mg, 77%) as colorless solid.  
TLC (CH2Cl2/MeOH 10/1): Rf 0.16;  
[α]20D = - 3.2 (c 1.00, MeOH);  
mp: 143.5 - 144 °C;  
IR (KBr): ν 3344 (m), 2955 (m), 1648 (s), 1528 (s), 1444 (s), 1125 (s), 747 (s), 700 (s);  
1H NMR (500 MHz, CD3OD): δ 7.37 (s, 1H, His-H), 7.36 (s, 1H, His-H), 7.35–7.26 (m, 18H, 
Trt-H), 7.14-7.02 (m, 12H, Trt-H), 6.76 (s, 1H, His-H), 6.65 (s, 1H, His-H), 4.50 (dd, 3J (H,H) 
= 7.3 Hz, 3J (H,H) = 6.4 Hz, 1H, His-Hα), 4.48 (dd, 3J (H,H) = 8.2 Hz, 3J (H,H) = 5.6 Hz, 1H, 



























C82H97N13O8S    Mol. Wt.: 1424,79
EXPERIMENTAL SECTION  Synthesis 
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7.9 Hz, 3J (H,H) = 5.1 Hz, 1H, Arg-Hα), 3.36 (dd, 3J (H,H) = 8.7 Hz, 3J (H,H) = 5.5 Hz, 1H, 
Leu-Hα), 3.14-2.96 (m, 4H, Arg-Hδ, His-Hβ), 2.91-2.79 (m, 2H, His-Hβ), 2.61 (m, 2H, CH2-
Pmc), 2.53 (s, 3H, CH3-Pmc), 2.52 (s, 3H, CH3-Pmc), 2.06 (s, 3H, CH3-Pmc), 1.79 (t, 3J 
(H,H) = 6.9 Hz, 2H, CH2-Pmc), 1.76-1.28 (m, 10H, Arg-Hβ, Arg-Hγ, Leu-Hβ, Leu-Hγ), 1.27 
(s, 6H, Pmc-CH3), 0.86 (t, 3J (H,H) = 6.8 Hz, 9H, Leu-CH3), 0.79 (d, 3J (H,H) = 5.7 Hz, 3H, 
Leu-CH3);  
13C NMR (125 MHz, CD3OD): δ 177.6 (His-CO), 174.1 (Leu-CO), 173.9, 173.4 (Arg-CO), 
158.0, 154.7, 143.6 (Trt-CAr), 139.8 (His-CH), 139.7 (His-CH), 137.9 (His-C), 137.5 (His-C), 
136.5, 136.1, 134.9, 130.9 (Trt-CHAr), 130.8 (Trt-CHAr), 129.4 (Trt-CHAr), 129.3 (Trt-CHAr), 
124.9, 121.4 (His-CH), 120.8 (His-CH), 119.3, 76.9 (Trt-C), 76.8 (Trt-C), 74.8 (Pmc), 55.4 
(His- Cα), 55.2 (His-Cα), 54.8 (Leu-Cα), 54.3 (Leu-Cα), 53.1 (Arg-Cα), 44.9 (Leu-CH2), 41.7 
(Leu-CH2), 41.4 (Arg Cβ, Cγ), 41.3 (Arg Cβ, Cγ), 33.8 (Pmc-CH2), 31.4 (Arg-Cδ), 30.8 (His-
CH2), 30.0 (His-CH2), 27.0 (Pmc), 26.4,  25.8 (Leu-CH), 25.7 (Leu-CH), 23.7 (Leu-CH3), 
23.6 (Leu-CH3), 22.4 (Leu-CH3), 22.3 (Pmc-CH2), 21.7 (Leu-CH3), 19.0 (Pmc-CH3), 17.9 
(Pmc-CH3), 12.3 (Pmc);  
MS (ESI, MeOH/CH2Cl2 1/50): m/z 1425.0 (100) [M + H]+, 1447.2 (12) [M + Na]+;  
Anal. Calcd for C82H97N13O8S•(2 CH3OH) (1488.88): C 67.76, H 7.11, N 12.23. Found: C 
67.42, H 6.93, N 12.46.  
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13,23,32,43,52,63,72,83-Octakis(Gla-OH)-p-octiphenyl 79.  
13,23,32,43,52,63,72,83-Octakis(Gla-OH)-p-octiphenyl 79 was prepared from 
13,23,32,43,52,63,72,83-Octakis(Gla-OMe)-p-octiphenyl (9 mg, 5.4 mmol), prepared in the 





















































































































C64H50O24    Mol. Wt.: 1203,07
EXPERIMENTAL SECTION  Synthesis 
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A solution of 13,23,32,43,52,63,72,83-octakis(Gla-OH)-p-octiphenyl 79 (7.6 mg, 6.1 µmol) in 
dried DMF (0.8 ml), with HATU (25.8 mg, 67.9 µmol), and dried NEt3 (40.8 µl, 0.29 mmol) 
is stirred 30 min at rt then H-Leu-His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2 78 (83 mg, 58.2 
µmol), is added. After stirring for 4 h at rt, the reaction mixture was concentrated in vacuo. 
Purification of the crude product by Sephadex LH-20 column (MeOH) yielded pure 
compound (7.5 mg, 9.9 %) as a colorless solid. HPLC (YMC-Pack CN, 50 x 4 mm, 
CH2Cl2/(MeOH + 1% Et3N) 97:3, 1 ml/min, tR = 1.04 min). 
1H NMR (300 MHz, CD3OD): δ 7.51-7.36 (m, 16H, His-H), 7.91 -7.35 (m, 270 H, His-H, 
Trt-H, Rod-H), 6.87 (m, 2H, Rod-H), 6.81-6.59 (m, 16H, His-H), 4.61 (s, 16H, Rod-CH2 
overlapping with water), 4.52-3.87 (several m, 40H, Hα), 3.21-2.77 (m, 48 H, Arg-Hδ, His-
Hβ), 2.63-2.37 (m, 64 H, Pmc-CH2, Pmc-CH3), 2.09-1.93 (m, 24 H, Pmc-CH3), 1.83-1.34 (m, 
96 H, Pmc-CH2, Arg-Hβ, Arg-Hγ, Leu-Hβ, Leu-Hγ), 1.33-1.05 (m, 48 H, Pmc-CH3), 0.92 - 
0.49 (m, 96H, Leu-CH3);  
MS (ESI, CH2Cl2 / MeOH / CH3CN / H2O / acetic acid 13.2 / 26.4 / 44.4 / 14.4 / 1.2): m/z 

















































































C304H442N104O56    Mol. Wt.: 6446,47
EXPERIMENTAL SECTION  Synthesis 
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13,23,32,43,52,63,72,83-Octakis(Gla-Leu-His(Trt)-Arg(Pmc)-His(Trt)-Leu-NH2)-p-octiphenyl 
80 (7.3 mg, 0.6 µmol) was dissolved in TFA (1mL). After stirring for 1h at rt, the reaction 
mixture was concentrated. Nonpolar impurities were removed by solid-liquid extraction (3 
times with hexane). Purification of the product by RP HPLC (YMC-Pack ODS-A, 250 x 10 
mm, H2O/(MeOH + 1% TFA) 2:8, 2 ml/min, tR = 5.13 min) yielded pure compound 81 (3.8 
mg, quant) as a colorless solid. 
1H NMR (300 MHz, CD3OD): δ 9.00-8.20 (several m, 64H, His-H, Rod-H), 4.70 (s, 16H, 
overlapping with water, Rod-CH2), 4.45-3.95 (several m, 40H, Hα), 3.22-2.95 (m, 48H, Arg-
Hδ, His-Hβ), 1.87-1.10 (m, 80H, Arg-Hβ, Arg-Hγ, Leu-Hβ, Leu-Hγ), 0.98 - 0.47 (m, 96H, Leu-
CH3). 
 
Methyl 1-pyrene butyrate 88. 
To a solution of 1-pyrene butyric acid (100 mg, 347 µmol) in 
MeOH (10 mL) and toluene (2 mL), concentrated sulfuric acid 
(catalytic amount) was added and the reaction mixture was stirred at 
rt overnight. Solvents were removed in vacuo. The remaining oil 
was dissolved in ethyl acetate and washed with a saturated aqueous 
solution of NaHCO3 and brine. Purification by column 
chromatography (CH2Cl2/petroleum ether 2/1) yielded pure 
compound 88 (83 mg, 79 %) as yellow oil. 
1H NMR (300 MHz, CDCl3): δ 8.35 (d, 3J (H,H) = 9.2 Hz, 1H, HAr), 8.25-8.12 (m, 4H, HAr), 
8.09-7.99 (m, 3H, HAr), 7.90 (d, 3J (H,H) = 7.9 Hz, 1H, HAr), 3.74 (s, 3H, CH3), 3.44 (t, 3J 
(H,H) = 7.5 Hz, 2H, CH2), 2.52 (t, 3J (H,H) = 7.5 Hz, 2H, CH2), 2.25 (quintet, 3J (H,H) = 7.5 
Hz, 2H, CH2);  
13C NMR (125 MHz, CDCl3): δ 173.2 (CO), 135.2 (CAr), 130.8 (CAr), 130.3 (CAr), 129.3 
(CAr), 128.1 (CAr), 126.9 (CAr), 126.8 (CAr), 126.8 (CAr), 126.1 (CAr), 125.4 (CAr), 124.4 (CAr), 
124.4 (CAr), 124.3 (CAr), 124.2 (CAr), 122.8 (CAr), 51.0 (CH3), 33.0 (CH2), 32.1 (CH2), 26.2 
(CH2);  
MS (APCI, DMSO/CH2Cl2 1:50): m/z 302.3 [M+]. 
 
COOCH3
C21H18O2    Mol. Wt.: 302,37




1 Preparation of vesicles 
 
1.1 EYPC−LUVs ⊃ ANTS/DPX 
 
Preparation of Buffer Solutions 
TES (100 mM, pH 7.0) was prepared by addition of 4.58 mg TES to 100 mL H2O, 
adjustment to pH 7.0 with ~ 4.6 mL NaOH (1 M), and dilution to 200 mL with H2O. 
Buffer AANTS (12.5 mM ANTS, 45.0 mM DPX, 5 mM TES, 20 mM KCl, pH 7.0) was 
prepared by addition of 2.5 mL TES (100 mM, pH 7.0), 1 mL KCl (1 M), 500 µL NaOH (1 
M), 267 mg ANTS and 950 mg DPX to 20 mL H2O, adjustment to pH 7.0 with ~100 µL 
NaOH (1 M), and dilution to 50 mL with H2O. 
Buffer BANTS (5 mM TES, 100 mM KCl, pH 7.0) was prepared by addition of 50 mL 
TES (100 mM, pH 7.0) and 100 mL KCl (1M) and dilution to 1 L with H2O. 
Buffer CANTS1 (10 mM MES, 100 mM KCl, pH 4.5 ~ 7) was prepared by addition of 
10 mL KCl (1M) and 0.195 g of MES in 80 mL H2O, adjustment to pH 4.5 to 7 was done by 
addition of NaOH (0.1 M) and dilution to 100 mL with H2O. 
Buffer CANTS2 (10 mM TES, 100 mM KCl, pH 7 ~ 8) was prepared by addition of 10 
mL KCl (1M) and 0.229 g of TES in 80 mL H2O, adjustment to pH 7 to 8 was done by 
addition of NaOH (0.1 M) and dilution to 100 mL with H2O. 
Buffer CANTS3 (10 mM AMPSO, 100 mM KCl, pH 8 ~ 10) was prepared by addition 
of 10 mL KCl (1M) and 0.227 g of AMPSO in 80 mL H2O, adjustment to pH 8 to 10 was 
done by addition of NaOH (0.1 M) and dilution to 100 mL with H2O. 
 
Preparation of Vesicle Stock Solution 
To 25 µL of EYPC (solution in ethanol 1g/mL) were added 1 mL MeOH and 1 mL 
CHCl3. A thin film was obtained by slow solvent evaporation on a rotavapor followed by 
drying in vacuo (overnight), hydrated with 1 mL buffer AANTS (> 30 min), subjected to > 5 
freezethaw cycles (using liquid N2 to freeze and a warm water bath to thaw), and 15 times 
extruded using a Mini−Extruder with a 100 nm polycarbonate membrane (Avanti).154 External 
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dye was isoosmotically removed by gel filtration (Sephadex G−50) using buffer BANTS and 
diluted to 6 mL to give EYPC−LUVs. Characteristics of the ANTS/DPX stock solution: ~ 5 
mM EYPC; inside: 12.5 mM ANTS, 45.0 mM DPX, 5 mM TES, 20 mM KCl, pH 7.0; 
outside: 5 mM TES, 100 mM KCl, pH 7.0. 
 
1.2 EYPC−LUVs ⊃ CF 
 
Preparation of Buffer Solutions 
Buffer ACF (10 mM HEPES, 50 mM CF, 10 mM NaCl, pH 7.4) was prepared by 
addition of 119.2 mg HEPES, 940 mg CF, 0,5 mL NaCl (1 M), ~6.7 mL NaOH (1 M) to 20 
mL H2O then dilution to 50 mL and adjustment to pH 7.4. 
Buffer BCF (10 mM HEPES, 107 mM NaCl, pH 7.4) was prepared by addition of 
2.383 g HEPES, 6.253 g NaCl to 1 L H2O then the pH was adjusted to 7.4. 
 
Preparation of Vesicle Stock Solution 
To 25 µL of EYPC (solution in ethanol 1g/mL) were added 1 mL MeOH and 1 mL 
CHCl3. A thin film was obtained by slow solvent evaporation on a rotavapor followed by 
drying in vacuo (overnight), hydrated with 1 mL buffer ACF (> 30 min), subjected to > 5 
freezethaw cycles (using liquid N2 to freeze and a warm water bath to thaw), and 15 times 
extruded using a Mini−Extruder with a 100 nm polycarbonate membrane (Avanti). External 
dye was isoosmotically removed by gel filtration (Sephadex G−50) using buffer BCF and 
diluted to 6 mL to give EYPC−LUVs. Characteristics of the CF stock solution: ~ 5 mM 
EYPC; inside: 50 mM CF, 10 mM HEPES, 10 mM NaCl, pH 7.4; outside: 10 mM HEPES, 
107 mM NaCl, pH 7.4. 
 
1.3 EYPC-LUVs ⊃ HPTS 
 
Preparation of Buffer Solutions 
Buffer BHPTS (10 mM HEPES, 100 mM NaCl, pH 7.0) was prepared by addition of 
2.383 g HEPES, 100 mL NaCl (1 M), to 100 mL H2O, adjustment of pH to 7.0 with NaOH 
(0.5 M) and dilution to 1000 mL with H2O. 
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Buffer A
 HPTS (1 mM HPTS, 10 mM HEPES, 100 mM NaCl, pH 7.0) was prepared by 
adding 100 µL HPTS (100 mM) to 10 ml of Buffer B. 
 
Preparation of Vesicle Stock Solutions 
To 25 µL of EYPC (solution in ethanol 1g/mL) were added 1 ml MeOH and 1 ml 
CHCl3. A thin film was obtained by slow solvent evaporation on a Rotavapor then it was 
dried in vacuo (overnight), hydrated with 1 ml buffer A (> 30 min), subjected to > 5 
freezethaw cycles (using liquid N2 to freeze and a warm water bath to thaw), and 15 times 
extruded using a Mini−Extruder with a 100 nm polycarbonate membrane (Avanti). External 
dye was isoosmotically removed by gel filtration (Sephadex G−50) using buffer B and diluted 
to 6 ml to give EYPC−LUVs. Characteristics of the HPTS stock solution: ~ 5 mM EYPC; 
inside: 1.0 mM HPTS, 10 mM HEPES, 100 mM NaCl, pH 7.0; outside: 10 mM HEPES, 100 
mM NaCl, pH 7.0. 
 
2 Naphthalenediimide rods 
 
2.1 Concentration profile of monomers 
 
EYPC-LUVs ⊃ HPTS (25 µl) were added to gently stirred, thermostated buffer BHPTS 
(1980 µl, pH = 7.0) in a fluorescence cuvette (t = 0 s). The time course of HPTS fluorescence 
emission intensity, Ft, was monitored at λem = 510 nm (λex1 = 450 nm, pH-control: λex2 = 405 
nm) during the addition of rod (20 µl 45 or 46 or 47) at different concentration (45, 0-833 
µM, final concentration 0-8.33 µM; 46, 0-625 µM, final concentration 0-6.25 µM; 47, 0-1.215 
mM, final concentration 0-12.15 µM) (t = 100s), 0.5 M NaOHaq (20 µl) (t = 200s) and 
gramicidin A (20 µl of 20 µM in DMSO) at the end of every experiment (t = 550s). 
Fluorescence time courses were normalized to fractional emission intensity In using 
equation [S1] 
 
In = (Ft – F0) / (F∞ – F0)                   [S1], 
 
where F0 = Ft at pore addition, F∞ = Ft at saturation after complete leakage. The baseline 
(measurement with DMSO only, no rod) Inbase was then subtracted to In to give Indelta [S2], 
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Indelta = In  – Inbase             [S2],       
 
and obtained Indelta was further converted into fractional HPTS emission Y using equation [S3] 
 
Y = Indelta / InMAX            [S3], 
 
where InMAX is Indelta for the reference value of interest, e.g., the highest activity in a given 
series before addition of gramicidin A.  
 
2.2 Concentration profile of dimers and rod with anchoring tail 
 
EYPC-LUVs ⊃ HPTS (25 µl) were added to gently stirred, thermostated buffer BHPTS 
(1980 µl, pH = 7.0) in a fluorescence cuvette (t = 0 s). The time course of HPTS fluorescence 
emission intensity, Ft, was monitored at λem = 510 nm (λex1 = 450 nm, pH-control: λex2 = 405 
nm) during the addition of base 0.5 M NaOHaq (20 µl) (t = 100s), rod (20 µl 49 or 50 or 66) 
at different concentration (49, 0-1.5 mM, final concentration 0-15 µM; 50, 0-4 mM, final 
concentration 0-40 µM; 66, 0-1.25 mM, final concentration 0-12.5 µM) (t = 200s) and 
gramicidin A (20 µl of 20 µM in DMSO) at the end of every experiment (t = 550s). 
Fluorescence time courses were normalized to fractional emission intensity In using 
equation [S1] where F0 = Ft at pore addition, F∞ = Ft at saturation after complete leakage. The 
baseline (measurement with DMSO only, no rod) Inbase was then subtracted to In to give Indelta 
[S2], and obtained Indelta was further converted into fractional HPTS emission Y using 
equation [S3] where InMAX is Indelta for the reference value of interest, e.g., the highest activity 
in a given series before addition of gramicidin A.  
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2.3 Ion selectivity 
 
2.3.1 Preparation of the buffers 
 
NaBr Buffer (10 mM HEPES, 100 mM NaBr, pH 7.0) was prepared by dissolution of 
514.5 mg NaBr in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
NaF Buffer (10 mM HEPES, 100 mM NaF, pH 7.0) was prepared by dissolution of 
210.0 mg NaF in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
NaI Buffer BNaI (10 mM HEPES, 100 mM NaI, pH 7.0) was prepared by dissolution 
of 749.5 mg NaI in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
NaNO3 Buffer (10 mM HEPES, 100 mM NaNO3, pH 7.0) was prepared by 
dissolution of 425.1 mg Na NO3 in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
NaOAc Buffer (10 mM HEPES, 100 mM NaOAc, pH 7.0) was prepared by 
dissolution of 680.5 mg Na OAc in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
Na2SO4 Buffer (10 mM HEPES, 67 mM Na2SO4, pH 7.0) was prepared by dissolution 
of 473.3 mg Na2SO4 in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
NaSCN Buffer (10 mM HEPES, 100 mM NaSCN, pH 7.0) was prepared by 
dissolution of 405.4 mg NaSCN in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
NaClO4 Buffer (10 mM HEPES, 100 mM NaClO4, pH 7.0) was prepared by 
dissolution of 702.3 mg NaClO4 in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
 
KCl Buffer (10 mM HEPES, 100 mM KCl, pH 7.0) was prepared by dissolution of 
372.8 mg KCl in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
RbCl Buffer (10 mM HEPES, 100 mM RbCl, pH 7.0) was prepared by dissolution of 
604.6 mg RbCl in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
CsCl Buffer (10 mM HEPES, 100 mM CsCl, pH 7.0) was prepared by dissolution of 
842.0 mg CsCl in 50 mL HEPES (10 mM) and adjustment of pH to 7.0. 
 




EYPC-LUVs ⊃ HPTS (25 µl) were added to gently stirred, thermostated buffer (1980 
µl, 10 mM HEPES, 100 mM MCl (M = Na, K, Rb, Cs) or 100 mM NaX (X = F, Cl, Br, I, 
AcO, NO3, SCN, ClO4) or 67 mM Na2SO4, pH = 7.0) in a fluorescence cuvette (t = 0 s). The 
time course of HPTS fluorescence emission intensity, Ft, was monitored at λem = 510 nm (λex1 
= 450 nm, pH-control: λex2 = 405 nm) during the addition of NaOH (20 µl, 0.5 M) at t = 100 
s, 45 (20 µl stock solution, 1.5 µM final concentration), 46 (1.0 µM), 47 (2.0 µM), 49 (2.5 
µM) or 66 (1.0 µM) at t = 200 s, and gramicidin A (0.2 µM) at the end of every experiment. 
For each situation, control experiments included reversal of addition (45-47, 49 and 66 at t = 
100 s, NaOH t = 200 s), and background curves without 45-47, 49 and 66. In the case of 45 
and 66, the same experiments have been run with vesicles containing 100 mM NaBr instead 
of NaCl, following the same procedure. 
Fluorescence time courses Ft were normalized to fractional emission intensity In using 
equation [S1] where F0 = Ft at pore addition, F∞ = Ft at saturation after complete leakage. The 
baseline (measurement with DMSO only, no rod) Inbase was then subtracted to In to give Indelta 
[S2], and obtained Indelta was further converted into fractional HPTS emission Y using 
equation [S3] where InMAX is Indelta for the reference value of interest, e.g., the highest activity 
in NaCl before addition of gramicidin A.  
 
2.4 Anomalous mole fraction effect.   
 
EYPC-LUVs ⊃ HPTS (25 µl) were added to gently stirred, thermostated buffer (z x 
1980 µl (0 < z < 1), 10 mM HEPES, 100 mM NaX, pH = 7.0 and (1-z) x 1980 µl, 10 mM 
HEPES, 100 mM NaY (X, Y = I, Br, Cl, SO4, ClO4), pH = 7.0) in a fluorescence cuvette (t = 
0 s). The time course of HPTS fluorescence emission intensity, Ft, was monitored at λem = 
510 nm (λex1 = 450 nm, pH-control: λex2 = 405 nm) during the addition of NaOH (20 µl, 0.5 
M) at t = 100 s, 45 (20 µl stock solution, 1.5 µM final concentration) or 66 (20 µl stock 
solution, 1.0 µM final concentration) at t = 200 s, and gramicidin A (0.2 µM) at the end of 
every experiment. For each situation, control experiments included background curves 
without 45 or 66. In the case of 45, the measurements have been run using vesicles containing 
either 100mM NaCl or 100 mM NaBr. For 66, only NaBr vesicles have been used. 
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Fluorescence time courses Ft were normalized to fractional emission intensity In using 
equation [S1] where F0 = Ft at pore addition, F∞ = Ft at saturation after complete leakage. The 
baseline (measurement with DMSO only, no rod) Inbase was then subtracted to In to give Indelta 
[S2], and obtained Indelta was further converted into fractional HPTS emission Y using 
equation [S3] where InMAX is Indelta for the reference value of interest, e.g., the highest activity 
in a given series before addition of gramicidin A.  
 
3 Perylenediimide rods 
 
3.1 Concentration profile 
 
EYPC-LUVs ⊃ HPTS (25 µl) were added to gently stirred, thermostated buffer BHPTS 
(1980 µl, pH = 7.0) in a fluorescence cuvette (t = 0 s). The time course of HPTS fluorescence 
emission intensity, Ft, was monitored at λem = 510 nm (λex1 = 450 nm, pH-control: λex2 = 405 
nm) during the addition of rod (20 µl 36 or 37) at different concentration (36, 0-1 mM, final 
concentration 0-10 µM; 37, 0-1.2 µM, final concentration 0-12 µM) (t = 100s), 0.5 M 
NaOHaq (20 µl) (t = 200s) and gramicidin A (20 µl of 20 µM in DMSO) at the end of every 
experiment (t = 400s). 
Fluorescence time courses Ft were normalized to fractional emission intensity In using 
equation [S1] where F0 = Ft at pore addition, F∞ = Ft at saturation after complete leakage. The 
baseline (measurement with DMSO only, no rod) Inbase was then subtracted to In to give Indelta 
[S2], and obtained Indelta was further converted into fractional HPTS emission Y using 
equation [S3] where InMAX is Indelta for the reference value of interest, e.g., the highest activity 
in a give, series before addition of gramicidin A.  
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3.2 Ion selectivity 
 
EYPC-LUVs ⊃ HPTS (25 µl) were added to gently stirred, thermostated buffer (1980 
µl, 10 mM HEPES, 100 mM MCl (M = Na, K, Rb, Cs) or 100 mM NaX (X = F, Cl, Br, I, 
AcO, NO3, SCN, ClO4) or 67 mM Na2SO4, pH = 7.0) in a fluorescence cuvette (t = 0 s). The 
time course of HPTS fluorescence emission intensity, Ft, was monitored at λem = 510 nm (λex1 
= 450 nm, pH-control: λex2 = 405 nm) during the addition of 36 (20 µl stock solution, 1.0 µM 
final concentration)or 37 (1.2 µM) at t = 100 s, NaOH (20 µl, 0.5 M) at t = 200 s, and 
gramicidin A (0.2 µM) at the end of every experiment. For each situation, control experiments 
included background curves without 36-37. The same experiments have been run with 
vesicles containing 100 mM NaBr instead of NaCl, following the same procedure. 
Fluorescence time courses Ft were normalized to fractional emission intensity In using 
equation [S1] where F0 = Ft at pore addition, F∞ = Ft at saturation after complete leakage. The 
baseline (measurement with DMSO only, no rod) Inbase was then subtracted to In to give Indelta 
[S2] and obtained Indelta was further converted into fractional HPTS emission Y using equation 
[S3] where InMAX is Indelta for the reference value of interest, e.g., the highest activity in NaCl 
before addition of gramicidin A.  
 
4 Ligand-gated multifunctional pore 
 
4.1 EYPC−LUVs ⊃ ANTS/DPX 
 
4.1.1 Ligand gating 
 
EYPC−LUVs ⊃ ANTS/DPX (100 µL) were placed with 1.9 mL buffer CANTS1 (pH 5) 
in a fluorescence cuvette, thermostated and gently stirred. ANTS fluorescence emission 
intensity Ft (λex = 353 nm, λem = 510 nm) was recorded as a function of time t during addition 
of 20 µL ligand 83c (1-pyrene butylsulfate) (final concentration 0 to 10 µM) at t = 150 s, then 
20 µL pore 82 (0.1 mM in MeOH) at t = 200 s and 40 µL 1.2 % aq. Triton−X 100 at t = 450 s 
to achieve complete lysis. 
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Fluorescence kinetics were normalized to fractional emission intensity In using 
equation [S1] where, F0 = Ft at pore addition and F∞ = Ft saturation intensity after complete 
lysis. 
 
4.1.2 pH dependence 
 
EYPC−LUVs ⊃ ANTS/DPX (100 µL) were placed with 1.9 mL buffer CANTS1 (pH 4.5 
~ 7), or buffer CANTS2 (pH 7 ~ 8) or buffer CANTS3 (pH 8 ~ 10) in a fluorescence cuvette, 
thermostated and gently stirred. ANTS fluorescence emission intensity Ft (λex = 353 nm, λem = 
510 nm) was recorded as a function of time t during addition of 20 µL ligand 83c (1-pyrene 
butylsulfate) (0.5 mM in H2O) at t = 150 s, then 20 µL pore 82 (0.1 mM in MeOH) at t = 200 
s and 40 µL 1.2 % aq. Triton−X 100 at t = 450 s to achieve complete lysis. 
Fluorescence kinetics were normalized to fractional emission intensity In using 
equation [S1] where, F0 = Ft at pore addition and F∞ = Ft saturation intensity after complete 
lysis. 
 
4.1.3 Concentration profile 
 
EYPC–LUVs ⊃ ANTS/DPX (100 µL) were placed with 1.9 mL buffer CANTS1 (pH 5) in 
a fluorescence cuvette, thermostated and gently stirred. ANTS fluorescence emission intensity 
Ft (λex = 353 nm, λem = 510 nm) was recorded as a function of time t during addition of 20 µL 
ligand 83c (1-pyrene butylsulfate) (0.5 mM in H2O) at t = 150 s, then 20 µL pore 82 (10, 20, 
40, 60, 80 and 100 µM in MeOH) at t = 200 s and 40 µL 1.2 % aq. Triton−X 100 at t = 450 s 
to achieve complete lysis. 
Fluorescence kinetics were normalized to fractional emission intensity In using 
equation [S1] where, F0 = Ft at pore addition and F∞ = Ft saturation intensity after complete 
lysis. 
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4.2 EYPC−LUVs ⊃ CF 
 
4.2.1 Concentration profile 
 
EYPC–LUVs ⊃ CF (100 µL) were placed with 1.9 mL buffer BCF (pH 7.4) in a 
fluorescence cuvette, thermostated and gently stirred. CF fluorescence emission intensity Ft 
(λex = 492 nm, λem = 514 nm) was recorded as a function of time t during addition of 0 or 20 
µL ligand 83c (1-pyrene butylsulfate) (0.6 mM in H2O) at t = 150 s, then 20 µL pore 82 (final 
concentration from 0 to 1 µM) at t = 200 s and 40 µL 1.2 % aq. Triton−X 100 at t = 450 s to 
achieve complete lysis. 
Fluorescence kinetics were normalized to fractional emission intensity In using 





Following stock solutions were prepared: 1-pyrene butylsulfate (83c, in HEPES 
buffer), 25,26,27,28-tetra(hydroxycarbonyl methoxy)-p-tert-butyl calix[4]arene (83a, in 
HEPES buffer), 1-pyrene butyrate (83d, in DMSO) and Bingel fullerene (83b, in DMSO).  
Calix[4]arene 83a: EYPC-LUVs ⊃ CF (100 µl) were added to gently stirred, 
thermostated buffer BCF (1.90 ml, pH = 7.0) in a fluorescence cuvette. Fluorescence emission 
intensity Ft (λem = 517 nm, λex = 492 nm) was monitored as a function of time t during 
addition of calix[4]arene (83a, 20 µl of 0 - 1 mM, final concentration 0 - 10 µM), 82 (20 µl of 
50 µM, final concentration 500 nM), and 40 µl 1.2% aq triton X-100. 
Fluorescence time courses were normalized to fractional emission intensity In using 
equation [S1] where, F0 = Ft at pore addition and F∞ = Ft saturation intensity after complete 
lysis. Obtained In was further converted into fractional pore activity I using equation [S4] 
 
I = In / InMAX             [S4], 
 
where InMAX is In at saturation obtained under the conditions giving the highest activity. 
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Fractional activities of pore I at 400 s were determined as a function of ligand 
concentration and fitted to the Hill equation [S5] to give EC50 value. 
 
I = I∞ + (I0 – I∞) / {1 + ([ligand] / EC50)n}       [S5], 
 
where I0 is I without ligand, and I∞ is I with excess ligand and n is Hill coefficient. 
 
1-pyrene butylsulfate 83c: EYPC-LUVs ⊃ CF (100 µl) were added to gently stirred, 
thermostated buffer BCF (1.90 ml, pH = 7.0) in a fluorescence cuvette. Fluorescence emission 
intensity Ft (λem = 517 nm, λex = 492 nm) was monitored as a function of time t during 
addition of 1-pyrene butylsulfate 83c (final concentration, 0 – 10 µM), rod 81 (0.5 µM) and 
40 µl 1.2% aq triton X-100. 
Fluorescence time courses were normalized to fractional emission intensity In using 
equation [S1] where, F0 = Ft at pore addition and F∞ = Ft saturation intensity after complete 
lysis. Obtained In was further converted into fractional pore activity I using equation [S4] 
where InMAX is In at saturation obtained under the conditions giving the highest activity. 
Fractional activities of pore I at 400 s were determined as a function of ligand 
concentration and fitted to the Hill equation [S5] to give EC50 value, where I0 is I without 
ligand, and I∞ is I with excess ligand and n is Hill coefficient. 
 
1-pyrene butyrate 83d: EYPC-LUVs ⊃ CF (100 µl) were added to gently stirred, 
thermostated buffer BCF (1.90 ml, pH = 7.0) in a fluorescence cuvette. Fluorescence emission 
intensity Ft (λem = 517 nm, λex = 492 nm) was monitored as a function of time t during 
addition of 1-pyrene butyrate 83d (0 – 400 µM), rod 81 (0.1 µM) and 40 µl 1.2% aq triton X-
100. 
Fluorescence time courses were normalized to fractional emission intensity In using 
equation [S1] where, F0 = Ft at pore addition and F∞ = Ft saturation intensity after complete 
lysis. Obtained In was further converted into fractional pore activity I using equation [S4] 
where InMAX is In at saturation obtained under the conditions giving the highest activity. 
Fractional activities of pore I at 400 s were determined as a function of ligand 
concentration and fitted to the Hill equation [S5] to give EC50 value, where I0 is I without 
ligand, and I∞ is I with excess ligand and n is Hill coefficient. 
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Bingel fullerene 83b: EYPC-LUVs ⊃ CF (100 µl) were added to gently stirred, 
thermostated buffer BCF (1.90 ml, pH = 7.0) in a fluorescence cuvette. Fluorescence emission 
intensity Ft (λem = 517 nm, λex = 492 nm) was monitored as a function of time t during 
addition of fullerene 83b (0 – 100 nM), rod 81 (0.1 µM) and 40 µl 1.2% aq triton X-100. 
Fluorescence time courses were normalized to fractional emission intensity In using 
equation [S1] where, F0 = Ft at pore addition and F∞ = Ft saturation intensity after complete 
lysis. Obtained In was further converted into fractional pore activity I using equation [S4] 
where InMAX is In at saturation obtained under the conditions giving the highest activity. 
Fractional activities of pore I at 400 s were determined as a function of ligand 
concentration and fitted to the Hill equation [S5] to give EC50 value, where I0 is I without 
ligand, and I∞ is I with excess ligand and n is Hill coefficient. 
 
4.2.3 Control experiments with 85 and 86  
 
Octiphenyl-LHLHL rod 85: EYPC-LUVs ⊃ CF (100 µl) were added to gently stirred, 
thermostated buffer BCF (1.90 ml, pH = 7.0) in a fluorescence cuvette. Fluorescence emission 
intensity Ft (λem = 517 nm, λex = 492 nm) was monitored as a function of time t during 
addition of 1-pyrene butyrate 83d (0 or 50 µM), rod 85 (1 µM) and 40 µl 1.2% aq triton X-
100. 
 
Octiphenyl-LRLHL rod 86: EYPC-LUVs ⊃ CF (100 µl) were added to gently stirred, 
thermostated buffer BCF (1.90 ml, pH = 7.0) in a fluorescence cuvette. Fluorescence emission 
intensity Ft (λem = 517 nm, λex = 492 nm) was monitored as a function of time t during 
addition of 1-pyrene butyrate 83d (0 or 200 µM), rod 86 (0.1 µM) and 40 µl 1.2% aq triton X-
100. 
 
4.2.4 Pore blockage  
 
Stock solutions of poly-L-glutamate and heparin were prepared in buffer BCF (pH = 
7.4) and pH was adjusted. Varying concentration of blocker stock solution (20 µl) was added 
to 2 ml gently stirred EYPC-LUVs ⊃ CF suspension (pH 7.0) in a thermostated fluorescence 
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cuvette. Then, ligand (83a, 83c, 83d) and finally rod 81 were added. Concentrations of the 
blocker (Cblocker), ligand (Cligand) and rod (Crod) were summarized in the Table 4 below.  
Fluorescence time courses were normalized to fractional emission intensity In using 
equation [S1] where, F0 = Ft at pore addition and F∞ = Ft saturation intensity after complete 
lysis. Obtained In was further converted into fractional pore activity I using equation [S4] 
where InMAX is In at saturation obtained under the conditions giving the highest activity. 
Fractional activities of pore I were determined as a function of blocker concentration 
and fitted to the Hill equation [S6] to give IC50 value. 
 
I = I∞ + (I0 – I∞) / {1 + (Cblocker / IC50)n}       [S6], 
 
where I0 is I without blocker, and I∞ is I with excess blocker and n is Hill coefficient. 
 
Blocker Cblocker ligand Cligand (µM) Crod (µM) 
PE 1 nM – 10 µM 83a 1 0.5 
 1 nM – 10 µM 83c 6 0.5 
 10 nM – 10 µM 83d 50 0.25 
heparin 5.5 nM – 55 µM 83a 1 0.5 
 5.5 nM – 55 µM 83c 6 0.5 
 0.5 nM – 55 µM 83d 50 0.25 
 











Figure 81 : Fractional activity of pore as a function of concentration of PE (a), and heparin (b) in presence of 1-
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4.2.5 Intervesicular transfer 
 
To a suspension of EYPC-LUVs ⊃ CF in buffer BCF, prepared as previously, rod (81, 
0.1 µM), 1-pyrene butyrate (83d, 50 µM), and then EYPC-LUVs ⊃ CF (250 µM) were 
successively added. Measurement and analysis were as described in 4.2.2. Note, the activity 
was normalized relative to the fluorescence intensity after lysis. Without normalization, 
curves ‘82 + 83d’ and ‘82 + 83d + vesicles’ of Figure 69 (results and discussion) before the 
addition of extra EYPC-LUVs ⊃ CF were superimposable. 
 
4.2.7 Fluorescence resonance energy transfer experiments   
 
Stock solution of LUVs composed of BODIPY-PC and EYPC were prepared by 
extrusion method. Namely, solutions of EYPC (10 mg) and BODIPY-PC (20 µg) in 
CHCl3/MeOH 1:1 were dried in vacuo (overnight) to form thin films. The resulting films 
were hydrated with buffer BCF for > 30 min, freeze-thawed (5 times), extruded through a 
polycarbonate membrane (100 nm, 15 times). Obtained LUVs were used without further 
purification. The vesicles suspension (42 µl) was diluted with 1.9 mL of buffer BCF (pH 7.0), 
the solution of rod 81 was added (0.5 µM) and the emission spectrum was recorded 
(excitation at 320 nm). Subsequently, ligand calix[4]arene (83a) was added in steps of 8 µl of 
0.05 mM stock solution (final concentrations: 0.2 µM – 1 µM) and emission spectra were 
recorded after each addition. In the same cuvette, concentration of pE has been raised in an 
identical manner (4 µl of 10 µM stock solution, final concentrations: 0.02 µM – 1 µM) and 
emission spectra were recorded again. Obtained spectra were normalized relative to the 
fluorescence emission intensity at 380 nm.  













Figure 82 : Fluorescence excitation and emission spectra of BODIPY-PC and octiphenyl rod 81: excitation of 
BODIPY-PC at λem=530nm (), and with rod 81 at λem=380nm (), emission of BODIPY-PC at λex=470nm 
(◊), and at λex=320nm with (+) and without rod 81 (×).   
 
4.2.8 Pig Liver Esterase Assay 
 
Stock solutions of PLE (in buffer BCF) and methyl 1-pyrene butyrate (88, in DMSO) 
were prepared. Rod 81 (0.1 µM) was added to 2 mL gently stirred EYPC-LUVs ⊃ CF 
suspension in a thermostated (37 °C) fluorescence cuvette, prepared as described before. 
Then, substrate 88 (20 µl of 60 mM stock solution, final concentration: 600 µM) and finally 
enzyme (20 µl of stock solutions, final concentration: 0.1 – 33 unit/ml) were added. The 
fractional pore activity has been converted into 1-pyrene butyrate concentration using the 
dose response curve (Figure 67B, results and discussion). Initial velocities were estimated 
by fitting the product formation kinetics to linear function. Control experiment performed 
with rod 81 (0.1 µM) and PLE (33 units / ml) without substrate 88 did not show substantial 
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